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Summary 
 
Solar cells based on organic semiconductors or hybrid materials are receiving a 
great deal of attention as new alternatives for photovoltaic technologies. In 
particular, lead halide perovskite solar cells and solar cells based on singlet 
fission have emerged as new candidates with the potential of reducing the 
production costs, producing high quality efficiency, being both technologies the 
most studied and developed in last 10 years. 
Hybrid perovskites solar cells have irrupted with power conversion 
efficiencies > 20% in the last five years. So far, the most promising hole-
transporting material, the so called spiro-OMeTAD (2,2',7,7'-tetrakis[N,N´-di(4-
methoxyphenyl)amino]-9,9'-spirobifluorene), gave the best results in terms of 
power conversion efficiency. This molecule presents triphenylamine units, which 
are known to be conducting hole moieties, and simultaneously present a three 
dimensional structure due to their central unit constituted by spiro-bifluorene. p-
Biphenylene, oligo- and poly-p-phenylenes are a class of conjugated materials 
that have received much interest as hole-trasporting materials. Especially, 
pyrene-based -conjugated derivates have shown a lot of potential in 
semiconducting, such as organic light-emitting diodes, organic field-effect 
transistors and organic photovoltaics. Therefore, the second chapter focuses on 
the synthesis and full characterisation of a series of hole-transporting materials 
that were synthesised via Buchwald–Hartwig and Suzuki couplings. This family 
of materials are based on a partially planarised p-biphenylene core with high 
hole conducting ability, while maintaining efficient blocking of the flow of 
electrons. In addition, the optoelectronic (UV-vis absorption and 
photoluminescence spectroscopy) and electrochemical properties of bi-
phenylene and quart-p-phenylene show energy levels comparable and well 
aligned with the spiro-OMeTAD (reference material used as hole-transporting 
material in perovskite solar cells). However, thermal, theoretical and solubility 
properties confirm that only quart-p-phenylene JP-04 possesses optima stability 
and high solubility to be implemented as a hole-transporting and electron-
blocking material in perovskite solar cells. Therefore, triple-cation perovskite 
devices were fabricated with JP-04 as hole-conducting material giving an 
efficiency of ≈ 15.28%. As a result, JP-04 is thus a promising hole-trasporting 
material with the potential to replace the piro-OMeTAD due to its comparable 
performance and much simpler and less expensive synthesis route. 
On the other hand, the study of atomically precise nanographenes is 
crucial to fully exploit their potential applications since their properties are highly 
dependent on structural variables such as width, length, edge structure, and 
heteroatom doping and therefore, in the third chapter, a series of star-shaped 
nitrogen-doped nanographenes with diameters up to 6.5 nm have been 
reported. The preparation of this family has been achieved by bottom up 
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approach based on a simple divergent iterative molecular assembly using a 
cyclocondensation reaction between o-diamines and o-hexaone. This provided 
an efficient synthetic route to interconnect building blocks. Star-shaped 
nitrogen-doped nanographenes have shown a lot of promise in a wide range of 
applications including electronics, energy conversion, more in particular in solar 
cells based on perovskites. Herein a stable trithidiazole-capped star-shaped 
nitrogen-doped nanographene (SNG-G1BTD) has been synthesised in which 
the energy levels have been tuned to meet the requirements of electron-
transporting material for perovskite solar cell. 
The last chapter describes work on singlet fission. Solar cells based on 
singlet fission have emerged as a promising strategy to avoid the loss of extra 
energy through thermalization in solar cells. This is because, in singlet fission, a 
singlet excited state splits in two triplet excited states and hence the generation 
of the extra exciton per absorbed photon avoids the loss of extra energy. Singlet 
fission had been observed in acene with high values of triplet quantum yield for 
a pentacene dimer with a yield of ≈ 200%. However, the stability of pentacene is 
limited under illumination conditions. Azaacenes on the other hand are more 
stable than the corresponding acenes and their energy levels can be tuned with 
the number and the position of nitrogen atoms. Nitrogenated polycyclic aromatic 
hydrocarbons are receiving a great deal of attention as a platform to design and 
synthesise organic semiconductors for a wide variety of applications. Among 
these, pyrene-fused azaacenes are receiving a lot of interest as model 
nanoribbon-like structures for organic electronic applications because of their 
enhanced length/stability relationship. In the last chapter of this thesis, a family 
of dimers constituted by nitrogen-doped pyrene-fused acenes have been 
reported that undergo singlet fission with triplet quantum yield as high as 125 %, 
which provide new perspectives for nitrogenated polycyclic aromatic 
hydrocarbons and for the design of new material for singlet fission. 
 
Resumen 
 
Celdas fotovoltaicas compuestas por materiales orgánicos o híbridos están 
recibiendo mucha atención en los últimos años como nueva alternativa para 
abastecer la demanda energética y sustituir aquellas no renovables 
procedentes de combustibles fósiles. En particular, celdas solares de 
perovskita y basadas en la fisión del singlete han surgido como nuevos 
candidatos con el potencial de reducir los costes de producción y producir 
eficiencia de alta calidad. 
Celdas solares basadas en sistemas de perovskita han irrumpido con 
eficiencias de conversión de energía > 20% en los últimos cinco años. El 
diseño de la celda solar juega un papel fundamental para obtener altas 
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eficiencias. Es necesario tener óptimas propidades optoelectrónicas y 
electroquímica, además de alta solubilidad y procesabilidad. Y para ello, 
proponemos la síntesis orgánica como una herramienta útil para la generación 
de materiales orgánicos menos costosos para el transporte de electrones y 
huecos. Hasta la fecha, spiro-OMeTAD es considerado el material de 
referencia para el transporte de huecos, dando los mejores resultados en 
términos de eficiencias de conversión de energía. Esta molécula presenta 
grupos de trifenilamina, que son buenos conductores de huecos, y 
simultáneamente presentan una estructura tridimensional debido a su unidad 
central constituida por un espiro-bifluoreno. Los derivados conjugados de 
pireno han demostrado un gran potencial como semiconductores orgánicos en 
una amplia variedad de aplicaciones, entre ellas cabe destacar: diodos 
orgánicos emisores de luz, los transistores orgánicos de efecto campo y la 
fotovoltaica basadas en materiales orgánicos. El objetivo de este proyecto es 
preparar nuevos sistemas moleculares basándonos en la morfología y 
estructura de spiro-OMeTAD con la intención de mejorar la capacidad de 
conducción de huecos y al mismo tiempo se mantenga el bloqueo de 
electrones. En el segundo capítulo de esta tesis, hemos sintetizado y 
caracterizado una serie de materiales transportadores de huecos consituidos 
por un sistema para-fenileno parcialmente planarizado basado en un núcleo 
central que incorpora grupos tetraacetales y difenilaminas como sustituyentes 
con alta capacidad de conducción de huecos y al mismo tiempo mantiene un 
bloqueo eficiente del flujo de electrones. Estos sistemas moleculares se 
sintetizaron mediante acoplamientos de Buchwald y Suzuki. El estudio de las 
propiedades optoelectrónicas (absorción y fotoluminiscencia) y electroquímicas 
mostraron niveles energéticos comparables y bien alineados con el material de 
referencia (espiro-OMeTAD). Sin embargo, las propiedades térmicas y de 
solubilidad confirman que solo el para-fenileno JP-04 posee una estabilidad 
óptima y una alta solubilidad para ser incorporado como nuevo material de 
transporte de huecos en celdas solares. Gracias a esto, dispositivos de 
perovskitas de triple catión fueron fabricados incorporando JP-04 como nuevo 
conductor de huecos dando una eficiencia de 15.28%. 
En el tercer capítulo de esta tesis, nos enfocamos en el estudio atómico 
de las propiedades optoelectrónicas de los nanografenos, ya que el control de 
sus variables estructurales tales como el ancho, longitud y la introdución de 
heteroátomos son cruciales para explorar su potencial y sus aplicaciones. En 
este capítulo presentamos la síntesis y caracterización de una serie de estables 
nanografenos en forma de estrella con diámetros de hasta 6.5 nm. La 
preparación de esta familia se ha logrado mediante una metodología basada en 
un ensamblaje iterativo molecular que utiliza como reacción principal la 
ciclocondensación entre orto-diaminas y orto-hexonas, proporcionando una ruta 
sintética eficiente para conectar precursores. Estos materiales han demostrado 
mucho potencial en una amplia gama de aplicaciones que incluyen electrónica, 
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transporte de cargas y conversión de energía. En particular, en celda solares 
como nuevo transportador de electrones. Gracias a esto, los nanografenos se 
han convertido rápidamente en prometedores candidatos como una alternativa 
al PCBM. En este capítulo también presentamos la síntesis y caracterización 
de un estable nanografeno (SNG-G1BTD) como nuevo transportador de 
electrones para celdas solares de perovskitas. 
Para finalizar esta tesis, las celdas solares basadas en la fisión del 
singlete han surgido como una estrategia para evitar la pérdida de energía 
adicional a través de la termalización en las celdas solares. Esto se debe a que 
en la fisión del singlete un estado excitado puede relajarse en dos estados de 
tripletes de menor energía y la generación de dos electrones por fotón 
absorbido puede evitar la pérdida de energía adicional y conducir a eficiencias 
superiores del 33.7% con rendimientos cuánticos internos superiores al 100%. 
Hasta la fecha, los acenos han mostrado este proceso, siendo el pentaceno 
quien mostró rendimientos cuánticos cercano al 200%. Sin embargo, su baja 
estabilidad frente a condiciones atmosférica limita su uso en celdas 
fotovoltaicas. Por ello, azaacenos fusionados con pirenos están recibiendo 
mucho interés como estables acenos. En el último capítulo de esta tesis, 
presentamos una familia de dímeros constituidos por azaacenos fusionados 
con pirenos que experimentan fisión de singlete con rendimientos cuánticos de 
tripletes de hasta 125%, lo cuál proporciona nuevas perspectivas para los 
hidrocarburos aromáticos policíclicos nitrogenados y por lo tanto, el diseño de 
nuevos materiales para la fisión del singlete. 
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1.1 Solar energy 
 
The sun is considered as the most abundant source of energy of the planet 
among the different renewable energy sources, which would have the potential 
to fulfill the energy demands of the entire world, since solar energy is an 
inexhaustible power source. The development of new solar energy technologies 
is receiving a great deal of attention for generating electricity from harvested 
solar irradiation. 
 
Figure 1 Annual average solar irradiance distribution over the surface of The Earth.
[1]
 
However, the improvement of new alternatives within the field of solar 
photovoltaic (PV) technologies presents some limitations such as low device 
efficiencies, low performing balance of system, high costs, lack of financing and 
institutional obstacles among others.[1] More in particular, the main limitation for 
producing solar energy is attributed to the high initial installation cost. 
Furthermore, home solar panels show low efficiencies (around 10-20%), as a 
consequence, the price increases with higher efficiencies.[1]  
However, PV technologies have shown more benefits than 
disadvantages. Solar energy is considered a solution to decrease the CO2 and 
other greenhouse gas emissions (GHG).[2] The GHG emissions generated by 
solar power are minimal in comparison with other sources, as for example coal-
fired among others. For this reason, the solar energy represents a reasonable 
solution to reduce the global warming. Moreover, the substitution of fossil fuels 
with renewable energy could also show health benefits, reducing neurological 
damage, cancer, heart attacks, breathing problems etc.[3] Another advantage is 
that solar energy installation does not need huge amounts of water to generate 
electricity as occurs with fossil fuel power, where its generation of electricity is 
limited during drought time.[1] 
Introduction 
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Currently, the efficiencies of solar technologies has increased 
progressively and at the same time has been followed with a reduction of its 
installation cost, opening the opportunity to the industry for the use of this 
renewable energy for an improvement in the economy.[1] 
In the recent years, organic semiconductors have become one of the 
most promising materials in electronic devices, mainly due to their easy 
synthesis, design and modification of their structure, increasing their solubility in 
common organic solvents with great potential for electronic applications.[4] 
These organic electronic systems include organic light-emitting diodes (OLED), 
organic field effect transistors (OFET) and organic photovoltaics (OPV). 
Solar cells based on organic semiconductors or hybrid materials[5] are 
receiving a great deal of attention as new alternatives for PV technologies. 
Lately the research community has been focused on the development of new 
organic materials for organic solar cell with the potential to replace the solar cell 
technologies based on silicon materials. 
 
Figure 2. Photovoltaic solar cell panel from Cuevas del Becerro (Málaga). 
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1.2 Photovoltaic cells 
 
PV cells are considered to be the best alternative to convert solar energy 
directly in electricity and as result converting them in promising candidate to 
replace old technologies base on fossil source. In 2020, solar energy is 
expected to be the most promising power energy source of the planet[6] and the 
development of this new technology will be 16.000 times more cost-efficient 
than petroleum, 6700 times more than natural gas, and 4500 times more than 
nuclear power.[7] 
PV technologies can be classified in three different generations:[8]  
1) The first family of PV solar cell are attributed to technologies 
based on silicon wafers, which has achieved power conversion 
efficiencies (PCEs) higher than 26%,[9] . However, the main 
disadvantage of this generation is the high the production cost. 
 
2) The second generation of solar cells appeared due to the 
development of much thinner active layers compared to those 
silicon wafers used in the first generation. This thin-film PV 
material reduced the production cost, allowing flexible and 
transparent solar cells. This family of cells is based on varied 
compositions such as amorphous silicon, copper indium gallium 
selenide (CIGS) and cadmium telluride (CdTe) among others. 
However, the limited light-to-electricity conversion was a 
prominent obstacle. For this reason, the scientific community is 
focused on the design and development of new materials that 
would increase the efficiencies of a solar cell, leading to the third 
generation of photovoltaic technologies.[10] 
 
3) The third generation of solar cells include emerging photovoltaic 
technologies of easy processability with thin films below 1 µm 
such as organic solar cells[11], dye-sensitised solar cells 
(DSSC)[12], polymer solar cells, quantum dot solar cells and lead 
halide perovskite solar cells (PSCs). In particular, solar cells 
based on Singlet fission (SF) and PSCs have emerged as new 
candidates, with the potential of reducing the production costs, 
producing high quality efficiency, being both technologies the most 
studied and developed in last 10 years. 
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1.2.1 Perovskite Solar Cells (PSC) 
 
Solar cells based in perovskite materials were developed for first time in 2009 
by Kojima et al. The device was based in an architecture of DSSC using a liquid 
electrolyte as sensitizers, reporting a PCE value of 3.81%.[13] However, the 
liquid electrolyte inside of the cell dissolves the perovskite, compromising the 
stability of the system. In order to deal with stability issues, research was 
focused on the improvement of composition of the device. In 2012, Kim et al. 
developed a new solid-state hole-transporting material and, therefore, the 
resulting cells were more stable than the corresponding liquid electrolyte and 
the PCEs increased up to values as high as 9.7%.[14] As consequence, the 
design and the optimization of the morphology of the layers[15] and the 
architectures[16] of the device began to gain importance with the main objective 
to increase the efficiency of PSCs. 
 
Figure 3. a) Best Research Cell efficiencies.
[17]
 and b) evolution in PCE of PSCs.
 
 
1.2.1.1 Device configuration of PSCs 
 
Hybrid lead halide perovskites are composed of a mixture of organic and 
inorganic cations and anions, which have emerged as new alternative for solar 
cell devices showing improvements in terms of processability and efficiency 
values. Lead halide perovskites exhibit high potential due to their low cost, 
solution processability and high PCEs with value reaching 25%[18] in the last 
year (Figure 3b). 
  
Introduction 
7 
 
1.2.1.2 Perovskite materials 
 
Perovkite materials present a crystal structure of the type ABX3 structure, where 
the A site is occupied by a large monovalent cation that could be organic, 
usually methylamonium (MA) or formamidinium (FA) or also inorganic such as 
Cs+ or Rb+ cations. On the other hand, B space is occupied by Pb2+ or Sn2+ 
cations. However, others new alternatives have been investigated in order to 
replace lead due their high toxicity. To finish, X is an anion, being in the case of 
PSCs halides such as I, Br, or Cl, as it can be seen in the Figure 4. 
 
Figure 4. a) ABX3 perovskite structure.
[19]
  
 
1.2.1.3 Architectures of PSCs 
 
In general, the configuration of PSCs contains a transparent and electrically 
conducting material, where indium tin oxide (ITO) and fluorine-doped tin oxide 
(FTO) are the most widely used. This conducting glass is employed as the 
substrate for a charge transporting contact, followed of a layer of perovskite 
absorber, and on its top another layer of electron or hole-conducting layer, 
closing the configuration with a metal contact.[20] 
In the first step of the working procedure of the PSC, the perovskite layer 
absorbs the photons from the sunlight and simultaneously charges (holes and 
electrons) are generated (Figure 5a). Holes and electrons are extracted and 
transported at their corresponding selective layers towards their respective 
electrodes (Figure 5b). In particular, electron-transporting material (ETM) 
extracts the electrons from perovskite and transports them to the electrode 
(e.g.FTO) and, at the same time, holes are extracted at the hole-transporting 
material (HTM) and migrates to the metallic anode (Figure 5). 
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Figure 5. a) Device configuration of PSC and b) band diagram and functioning steps of PSC.
[21]  
 
The device configuration of PSC is the most determining factor for 
achieving high efficiencies and can be built in regular (n-i-p) and inverted (p-i-n) 
configurations (Figure 6) and within of each one have been divided in two 
categories: mesoscopic structure (based on a mesoporous layer at interface 
between the electron or hole-transporting layer and perovskite) and planar 
structure, where all the layers of the PSC are planar. 
 
Figure 6. a) Configuration of regular n-i-p structure of PSC and b) configuration of inverted p-i-n 
structure of PSC.
[22]
 
Regular n-i-p 
 
The architecture of a PSC based on mesoporous structure (Figure 7a) is formed 
firstly by a conducting glass cathode followed by a layer of titanium dioxide as 
ETM, and then a mesoporous metal oxide between the ETM and the perovskite 
is added. To finish, a layer of HTM leads the charges from perovskite to the 
metallic anode (Au) to close the PSC configuration. This architecture 
progressed in others configurations of PSC without need of a mesoporous layer 
between ETM and the perovskite giving efficiencies higher than those obtained 
Introduction 
9 
 
with PSC based on mesoscopic structure (Figure 7b) and therefore, the planar 
architecture is an evolution of the mesoporous configuration, where the 
perovskite material is directly sandwich between the ETM and HTM layers.  
 
Figure 7. Different layers of a typical PSC a) regular n-i-p mesoscopic structure, b) regular n-i-p 
planar structure, c) inverted p-i-n- planar structure and d) inverted p-i-n mesoscopic structure.
[23]
  
Inverted p-i-n structure 
 
The development of PSCs led to new configurations, more in particular, p-i-n, or 
inverted structures. Jeng et al. introduced the first perovskite solar cell with 
planar hetero-junction configuration[24] (Figure 7c). In addition, the architecture 
can also be mesoscopic (Figure 7d). The main difference in this configuration in 
comparison with the regular structure is that indium tin oxide (ITO) is used as 
transparent anode. Then, the configuration is composed on the one hand, by a 
layer of organic material as HTM (e.g PEDOT:PSS ) for planar structure (Figure 
7c) and, on the other hand, by an inorganic layer based on mesoporous layer of 
HTM (e.g. nickel oxide) for mesoscopic device (Figure 7d). Next, a layer of 
perovskite material is deposited, through which electrons are transported to 
metal cathode (aluminium or silver) by an ETM, being fullerene derivatives like 
PCBM or ICBA the most employed ones. 
 
1.2.1.4 Hole-transporting material (HTM) 
 
The positive charges are extracted and transported by the HTM from perovskite 
to the electrode. An optimal HTM can improve the hole extraction process and 
generate a decent flow of holes to electrode. In this regard, an ideal HTM 
should fulfill two main conditions: first, the highest occupied molecular orbit 
(HOMO) of HTM has to be slightly above the HOMO level of the perovskite, so 
that the extraction of holes on to the HTM is a favorable process. Moreover, this 
material should show a good hole transport mobility to favor the transport of the 
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charges (holes) from perovskite to the electrode. The second condition to 
improve an efficient hole transport and reduce of charge recombination is that 
the lowest unoccupied molecular orbital (LUMO) of HTM should be higher in 
energy than the LUMO level of the perovskite, therefore avoiding the extraction 
of electrons and allowing only the hole extraction process. Small molecules 
have been widely investigated as promising semiconductor organic materials 
due to their easy purification and characterisation. In addition, they are easy to 
design, synthesise and modify their structure, increasing their solubility in 
common organic solvents that allow the preparation of homogeneous films with 
controlled thickness with potential for organic electronic applications such as in 
PSCs. For this reason, different small molecules have been studied and 
investigated as HTM for PSCs in literature.[25] 
The organic reference material most commonly used to date as HTM is 
2,2’,7,7’-tetrakis(N,N-di-p-methoxyphenylamine)-9,9’-spirobifluorene (spiro-
OMeTAD)[26] (Figure 8). 
 
 
Figure 8. a) Chemical structure of spiro-OMeTAD.  
This molecule presents triphenylamine units, which are known to be 
conducting hole moieties, and simultaneously present a three dimensional 
structure due to the central unit spiro-bifluorene. This allows the formation of a 
globular structure type with hole-conducting units at the periphery and therefore, 
planarised p-biphenylene, oligo- and poly-p-phenylenes[27] are a class of 
conjugated materials that have received much interest as HTMs. Especially, 
pyrene-based -conjugated derivates have shown a lot of potential in 
semiconducting, such as OLEDs, OFETs and OPVs.  
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1.2.1.5 Electron-transporting materials (ETMs) 
 
The optimization of new materials for their use as ETMs, both organic and 
inorganic have received a lot of interest in last years. An important factor to 
design efficient ETMs is the study of their energy levels. Materials used as ETM 
should present LUMO levels similar to perovskite LUMO to generate a high flow 
of electrons to the electrode and reduce the energy losses.[28] 
Inorganic 
 
Currently, TiO2 is considered a quite extended reference inorganic material as 
ETM for PSCs. TiO2 exhibits excellent optical and electrical properties shown in 
Figure 9a. However, the process for the generation of TiO2 layer needs high 
temperatures (around 500 ºC). For this reason, the research community has 
been focused on the generation of TiO2 layer based in low-temperature 
processes for fabrication of low-cost solar cells. For instance, Petrozza et al. 
prepared PSCs with PCE values as high as 17.7% using temperature lower 
than 100ºC.[29] 
Another drawback is the high electron recombination taking place in the 
interface between perovskite and the ETM layer due to low mobility generated 
by TiO2.
[30] Therefore, other new metal oxides have been explored to increase 
the stability and the performance of PSCs as it can be seen in Figure 9a. For 
example, ZnO and SnO2 layers can be generated at low temperature, while 
having excellent electron-transporting properties and showing higher electron 
mobility than TiO2.
[31] 
Organic 
 
Fullerenes (e.g. C60) and their derivatives such PC61BM ([6,6]-pheny-C61-butyric 
acid methyl ester), ICBA (indene C60 bis-adduct) and PC71BM ([6,6]-pheny-C71-
butyric acid methyl ester) are organic n-type materials that have been used as 
ETMs in p-i-n structure for PSCs. These organic materials show optimal band 
gap and good electron mobility (Figure 9b). Within the family of fullerenes, 
PCBM has been the most used one as ETM for PSCs due to its high 
conductivity and efficient charge transfer.[32] In Figure 9b a comparison of the 
energy levels of organic electron-transporting materials with the one of 
perovskite is shown. 
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Figure 9. a) Energy levels of inorganic ETM for PSCs and b) Energy levels of organic ETM for 
PSCs.
[6]
 
However, there are few examples of no-fullerene materials used as ETM 
for PSCs and therefore the family of organic ETMs is quite restricted to 
fullerenes and their derivatives. On this regard, the exploration of others ETMs 
would provide key and valuable information for the design of new materials with 
improved processability and performance for PSCs. 
The HOMO and LUMO levels can be controlled by several factors, such 
as number of rings and introduction of heteroatoms (N, O, S, P and B) among 
others. As consequence, nanographenes (e.g graphene nanoribbons) have 
rapidly emerged as promising candidates for the design of efficient ETMs. 
First of all, Graphene nanoribbons (GNRs) are defined as a graphene 
strip with a width of less than 10 nm and with a large aspect ratio (generally, the 
length/width should be higher than 10).[33] GNRs are as well known as one-
dimensional extension of polycyclic aromatic hydrocarbons (PAHs) or ribbon-
shaped nanographene with the aspect ratios of larger than 10 nm.[34] 
The study of atomically precise GNR is crucial to fully exploit their 
potential applications since their properties are highly dependent on structural 
variables such as width, length, edge structure, and hetereroatom doping. For 
example, the width and the edge structure of the GNRs define their physical 
properties[35] such as polarization, band gap, charge-carrier mobilities among 
others. 
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Figure 10. a) Schematic illustration of graphene, b) graphene nanoribbon (GNR) with armchair 
edge structure and c) zigzag edge structure. 
In addition, the length is also another important structure variable since 
the energy gap is highly dependent of the size of GNR. The energy gap 
decreases with increasing the number of rings of GNR and therefore, it is 
possible to fine-tune their energy levels and modulate electron affinities, 
ionization potentials, energy gaps, and absorption and emission properties, 
among other properties controlling their structural variables. 
The preparation of GNGs has been carried out firstly by top-down 
methods such as unzipping of carbon nanotubes[36] (Figure 11a) and 
lithographic cutting of graphene sheets[37] (Figure 11b). 
 
Figure 11. Preparation of GNRs based Top-down methods. 
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However, Top-down methods do not allow a control of their structural 
variables with atomic precision as consequence is impossible to exploit their 
properties. Then, Bottom-up strategy based on surface synthesis[38] (Figure 
12a) and in nanotube synthesis[39] (Figure 12b) appeared as result of a 
development of previously synthesis reported. In this case, bottom up allows 
atomically precise control over the edge and width of the GNRs, but is 
incapable to control the length with atomic precision leading to new strategies 
for the preparation of GNRs. 
 
Figure 12. Preparation of GNRs based Bottom-up methods. 
The solution multistep organic synthesis developed as promising 
approach to provide with atomic precision the preparation of structurally well-
defined of GNRs. This approach can provide simultaneously control of 
atomically precise over all these structural variables such as width, length, edge 
structure and heteroatom doping that are necessary to study the properties of 
GNRs and therefore exploring their potential application. 
Some examples of GNRs between 2 and 5 nm of length have been 
reported in the literature by this approach. These GNRs are based in derivatives 
of acenes, coronene and pyrazine and exhibited 9[40], 13[41] and 16[42] linear 
fused rings respectively (Figure 13). However, organic synthesis in solution 
does not provide GNRs with lengths larger than 5 nm (Figure 13) and are 
constituted of 18[43] and 23[44] fused aromatic rings. 
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Figure 13. Chemical structure of GNRs synthesised by solution methods. 
Furthermore, GNR of 18[43] fused aromatic rings is excellent electron 
acceptors and exhibit an easy fabrication process, high electron-mobility, strong 
absorption in the range of UV-visible-near infrared and LUMO level that is well 
matched with active layer of the perovskite. Inverted halide PSC devices 
incorporating GNRs (Figure 14) as efficient ETMs[45] and hole-blocking material 
were reported giving high values of PCE that are comparable with PC61BM and 
become GNRs as a promising alternative of ETM with the potential to replace 
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the reference PC61BM. In addition, as can it be seen in the Figure 14, 
efficiencies increase with the length of GNR. 
 
Figure 14. GNRs use as ETM for PSCs.
[45]
 
However, GNRs higher than 5 nm of length could not be investigated due 
to the lack of solubility of planar -system tends to form aggregations in solution 
and thus limit the study of their structural variables that are crucial to exploit 
their properties and potential applications. In our group, we have reported the 
synthesis and characterisation of a series of GNRs[46] of different lengths that 
surpassing those of the largest monodisperse GNRs to date. The preparation of 
this family of GNRs has been achieved by an iterative assembly of carefully 
design molecular soluble building blocks in a linear fashion. This series of 
GNRs are constituted of 10, 20 and 30 linearly-fused aromatic rings with 2.9, 
5.3 and 7.7 nm in length, respectively (Figure 15). The high solubility of GNRs 
in common organic solvents such as THF, toluene and chlorinated solvents at 
room temperature has allowed a complete structural, optoelectronic and 
electrochemical characterisation that illustrate their n-type semiconducting 
behaviour and their potential in energy conversion. 
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Figure 15. Chemical structure of graphene nanoribbons NR-10, NR-20 and NR-30.
[46]
 
Due to that the properties of nanographenes (NGs) are highly dependent 
on structural variable previously mentioned, others large PAHs of different 
shape or symmetry have been investigated. 
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1.2.2 Organic solar cell based on Singlet fission (SF) 
 
Organic solar cells based on singlet fission (SF) compounds have emerged as a 
promising technology to overcome the Shockkley-Queisser limit[47] that predicts 
a maxima power conversion efficiency of 33.7% for a singlet junction device.[48] 
This is because in SF a singlet excited state (S1) splits into two triplet excited of 
lower energy (T1) and the generation of one extra exciton per absorbed photon 
could solve the loss extra energy via thermalization and therefore the theoretical 
power conversion efficiency limit could be increased up to 45% which is 
comparable with the inorganic semiconductors photovoltaic tecnhonogies. So 
far, different devices architecture have been developed and investigated leading 
to solar cell based SF with a external quantum efficiencies (EQE) of 126 % that 
has been the highest EQE reported for any device of solar cell with triplet 
quantum yield values (TQY) of 200%.[49] These results demonstrate the 
potential of SF compounds as promising technology to increase the efficiencies 
of organic solar cells. 
 
1.2.2.1 Donor-Acceptor Heterojunction 
 
For first time, Rao et al.[50] demonstrated the separation of triplet excitons 
through a combination of SF donor and acceptor. This ionization of triplet 
excitons was carried out using pentacene as SF compound and C60 as electron 
acceptor material at heterojunction interface (Figure 16). 
 
Figure 16. Molecular structures of (i) pentacene and (ii) C60 and an energy level diagram for 
excitonic states in pentacene.
[50]
 
However, there are several factors that limit the performance in solar cell 
based on SF. Firstly, the optima triplet exciton dissociation is highly dependent 
of the energy-transfer state[50] (energy attributed to the difference between the 
HOMO energy of electron donor compound and the LUMO energy of electron 
acceptor material). 
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An important factor to design efficient solar cell based on SF is the study 
of LUMO energy of electron acceptor material. Materials used as electron 
acceptor should present LUMO levels enough deep closed to HOMO energy of 
electron donor (tetracene or pentacene) that generate a high charge generation 
with high triplet excitons dissociation.[51] On this regard, donor-acceptor 
heterojuntion materials have been developed and investigated in order to 
improve the charge generation and as result increase solar cell efficiencies.[49a, 
52] In the following Figure 17 shows a comparison of energy levels of some 
molecules studied as donor or acceptor material. 
 
Figure 17. Energy levels and chemical structure of donor-acceptor heterojunction.
[52a]
 
The improvement of solubility with the introduction of bulky solubilising 
groups into to pentacene that together with PbS/PbS nanocrystals as promising 
electron acceptor material due to their low band gaps improved the 
performance of organic solar cells based on SF yielding to internal quantum 
efficiencies (IQE).of 170 ± 30% with a PCE of 4.8% for solution-processed in an 
inverted device structure SF solar cells[52e] (Figure 18). 
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Figure 18. a) Inverted architecture of the nanocrystal/TIPS-pentacene photovoltaic device. b) 
Chemical structure of TIPS-pentacene and c) comparison energy levels in the PbS/TIPS-
pentacene device.
[52e]
 
However, their use in solar cells is still limited due to poor charge transport 
properties presented by organic systems. DSSCs[53] based on SF materials 
appeared as new alternative to solve this limitation. 
 
1.2.2.2 Singlet fission Sensitized Solar Cell 
 
The integration of SF in a DSSC was introduced for first time by Ehrler et al.[54] 
This alternative of DSSC was based on SF sensitized silicon-pentacene solar 
cell, where the main feature of this device configuration was the incorporation of 
a layer of PbSe nanocrystals between pentacene and amorphous silicon in 
order to improve the charge generation in the pentacene and simultaneously 
the hole-extraction from silicon amorphous layer. However, PCEs did not 
increase in comparison with the traditional inorganic silicon solar cell, but the 
strategy of inserting semiconductor nanocrystals between the SF material and 
the layer of amorphous silicon films become in an interesting approach for 
improvement and optimization in organic solar cells. 
This is because solar cell based on SF process could generate additional 
photocurrent using the same voltage used for a single-junction solar cell but in 
this case two sub cells have been used for producing triplet excitons yielding to 
PCEs that are comparables with those obtained for a tandem solar cell without 
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SF material. Then, parallel tandem solar cells based on SF were developed with 
theoretical PCEs of 45%.[55] 
In order to improve the efficiencies for organic solar cells, others parallel 
tandem solar cells based on SF process were investigated,[56] more in particular 
those composed by sub cell of pentacene/C60 with a monocrystalline silicon 
solar cell (Figure 19) giving values of external quantum efficiencies (EQE) 
higher than 100%.[49a] This EQE could not be obtained by a donor-acceptor 
heterojunction solar cell. 
 
Figure 19. a) Singlet fission process for a SF-sensitized solar cell based pentacene/fullerene 
interface and b) comparison of different energy levels of the device for SF-sensitized solar 
cell.
[49a]
 
In addition, non-fullerene acceptor materials such as perylene bisimide 
and derivatives also were reported as new alternative of organic solar cells 
based on SF process[57] with enormous potential to replace those that contain 
fullerenes as electron acceptor material for performance in organic solar cell. 
To date, the electron donor of SF-based solar cell is limited to acene 
family such as tetracene and pentacene as consequence of the ultrafast SF 
observed in both cases with internal triplet quantum yields (TQY) approaching 
(TQY ≥100%) for tetracene[58] and 200% for pentacene[59]. For this reason, 
tetracene, pentacene and their derivatives are good candidates as SF electron 
donor material for organic solar cells. However, the stability of the pentacene 
due to illumination conditions limits the lifetime of these materials in photovoltaic 
application. The exploration of more stable acenes as new materials with SF 
have shown great potential in the area of organic solar cell. 
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Nitrogenated pyrene-fused azaacenes [60] are a class of nitrogenated 
polycyclic aromatic hydrocarbons (N-PAHs) that are receiving a great deal of 
attention as a platform to design and synthesise organic semiconductors for a 
wide variety of applications. 
Our group reported the synthesis and characterisation of two highly 
stable K-conjugated dibenzoazahexacenes[61] that contain two and four nitrogen 
atoms, respectively (Scheme 1). 
 
Scheme 1. Synthesis of Dibenzoazahexacenes.
[61]
 
Dibenzodiazahexacene and dibenzotetraazahexacene were synthesised 
by cyclocondesation reaction of pyrene-4,5-dione[62] with anthracenediamine[63] 
and diamine derivative,[64] respectively. The optoelectronic (Uv-vis and 
photoluminescence spectroscopy) and electrochemical of 
dibenzoazahexacenes have shown electronic properties similar to tetracene as 
consequence of the localization of sextets in the off-linear rings that partially 
interrupts linear conjugation compartmentalizing the acene backbone in smaller 
and more stable tetracene residue. In addition, substitutional nitrogen-doping is 
another potential approach to improve the properties of acenes for SF process 
and become dibenzoazahexacenes as promising candidates for SF studies. 
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1.3 Objectives of the thesis 
 
The aim of this doctoral thesis is based mainly on the synthesis and 
characterisation of new materials based in organic semiconductor for emerging 
photovoltaic and electronic technologies. 
The main objective of the chapter 2 is the design of an efficient hole-
conducting and electron-blocking material for PSCs and therefore this chapter 
describes synthesis and characterisation of a serie of bi- and quart-p-phenylene 
derivatives with arylamine side groups containing fragments with high hole-
conducting ability, while maintaining efficient blocking of the flow of electrons 
with potential to replace the spiro-OMeTAD due to its comparable performance 
and much simpler and less expensive synthesis route. 
Then, we focused on precise atomic study of properties of NGs that is 
crucial to fully exploit their potential applications. In the chapter 3, it is 
described the synthesis and characterisation of a series of Start-Shaped 
Nitrogen-Doped Nanographenes (SNGs)[65] with different diameters and their 
optoelectronic and electrochemical studies that illustrate their potential in 
energy conversion and charge transport applications. 
To finish, nitrogenated pyrene-fused azaacenes are receiving a lot of 
interest as model nanoribbon- like structures for organic electronic applications 
because of their enhanced length/stability relationship[46, 61, 65] and therefore the 
chapter 4 describes synthesis and characterisation of two series of three 
different regioisomeric ortho-, meta- and para-azaacene dimers and singlet 
fission properties. 
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of New Materials as  
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2.1 Introduction 
 
In recent years, PSCs have rapidly emerged as a promising technology in 
photovoltaics.[12a, 22, 66] Current state-of-the-art PSCs have surpassed the PCEs 
of organic solar cells[11a, 11b, 67] and dye-sensitized solar cells,[12] and recently 
surpassed those reached with the current market leader polycrystalline 
silicon.[68] In PSCs, light is harvested by organic-inorganic metal halide 
perovskites, which show strong absorption in the UV-visible-near infrared range, 
large free charges diffusion lengths, small exciton binding energy, and low-cost 
fabrication. The free charges formed in the perovskite after the absorption of 
light are separated in electrons and holes, which are respectively transported to 
the electrodes by an ETM and a HTM to close the circuit.[66h, 69] 
 
Figure 20. Energy levels of different device components of PSC.
[70]
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As mentioned in Chapter 1, an important component in solar cells based 
on perovskite system is the hole-transporting layer (HTM). Currently, the most 
commonly used small molecule as HTM is 2,2′,7,7′-tetrakis(N,N-bis(p-
methoxyphenyl)amino)-9,9′-spirobifluorene[68c] (spiro-OMeTAD) (Figure 21a). 
However, the long synthetic route of spiro-OMeTAD limits its suitability for large-
scale industrial applications. Furthermore, the exploration of other HTM 
provides key and valuable information for the design of new materials with 
improved processability and performance for PSCs. 
 
Figure 21. a) Chemical structure of spiro-OMeTAD and b) planarised p-biphenylene core. 
 spiro-OMeTAD (Figure 21a) is constituted by two fluorene units in a spiro 
configuration with two triphenylamines at the 2 and 7 positions. Its electronic 
structure is analogous to that of a planarised p-biphenylene (Figure 21b). Oligo- 
and poly-p-phenylenes[27] are a class of conjugated materials that have received 
much interest as hole-transporting materials,[71] since the HOMO level can be 
controlled with the number of rings in the p-phenylene chain.[27] Nevertheless, 
the phenylene rings adopt a non-planar conformation with a dihedral angle that 
(i) partially interrupts the longitudinal conjugation resulting in a lower effective 
conjugation, and also (ii) interferes with the co-facial packing optimal for charge 
transport. Therefore, planarised p-phenylenes with a higher effective 
conjugation are attractive candidates for the design of efficient HTM. 
This chapter describes the synthesis and characterisation of a series of 
HTMs based on a partially planarised of bi- and quart-p-phenylene structure 
shown in the Figure 22, in which the two central rings are embedded on a 
planar tetrahydropyrene core with four lateral tetraketals that enhance the 
stability of the tetrahydropyrene core versus oxidation and also can potentially 
passivate the perovskite surface[72] by coordination. Furthermore, electron 
donating diphenylamine substitutents have been introduced in order to obtain 
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the optima energy levels and improve the solubility for the solution-processable 
HTMs. 
 
Figure 22. Chemical structure of hole-bi- p-phenylene and quart-p-phenylene materials for 
PSC. 
 To finish, quart-p-phenylene JP-04 has been investigated as a HTM in 
PSCs with a fluorine-doped tin oxide (FTO)/compact TiO2/mesoporous 
TiO2/Csx(MA0.17FA0.83)(100-x)Pb(I0.83Br0.17)3/JP-04/Au configuration that show 
PCE, short circuit current (JSC) open circuit voltage (VOC) and fill factor (FF) 
values that are comparable to those of spiro-OMeTAD. 
 
Figure 23. Device configuration of PSC. 
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2.2 Synthesis 
 
Bi-p-phenylenes JP-01 and JP-02 and quart-p-phenylenes JP-03 and JP-04 
were synthesised following the synthetic route set out Scheme 2. The central 
core 3[46, 73] can be prepared in a gram-scale using pyrene as starting point and 
their synthesis was reported previously by our group. On the other hand, the 
precursors 4, 5, and 6 were obtained from commercially available compounds 
and only the compound 7[74] has been prepared in one step from 
bromotriphenylamine derivative that was commercially available. 
 
Scheme 2. Synthesis of precursor central core 3
[46, 73]
 and phenylene derivatives JP-01, JP-02, 
JP-03 and JP-04.  
Bi-p-phenylenes JP-01 and JP-02 were synthesised via Buchwald-
Hartwig cross coupling-reaction between tetrahydropyrene 3 and the precursors 
diphenylamine derivatives 4 and 5 yielding to desired products in 15% and 26% 
for JP-01 and JP-02, respectively. However, quart-p-phenylenes JP-03 and JP-
04 were easily obtained via the Suzuki cross-coupling reaction between 
tetrahydropyrene 3 and triarylamine derivatives 6 and 7 in a good yield 64% and 
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63% for JP-03 and JP-04, respectively. Bi-p-phenylene and quart-p-phenylene 
derivatives showed high stability under ambient conditions in solid state. 
 
2.3 Solubility 
 
To develop efficient HTMs for PSCs, we focused in the design of new materials 
with improvements in the solubility for solution-processable performances that 
allow preparing thick enough and homogeneous films. 
Bi-p-phenylene JP-01 showed low solubility in chlorobenze (60 times 
lower than Spiro-OMeTAD) impeded to prepare thick enough and 
homogeneous films. For this reason, a series of HTMs based on extended the 
conjugation and the introduction of electron donating groups were studied in 
order to obtain optimal energy levels and increase the solubility. 
Bi-p-phenylene JP-02 and quart-p-phenylene JP-03 were partially 
soluble in common organic solvents such as toluene, CH2Cl2 and CHCl3. 
However, only the quart-p-phenylene JP-04 exhibited high stability and good 
solubility in common organic solvents for this series of compounds. 
 
Figure 24. Test of solubility of quart-p-phenylene JP-03 and JP-04 in chlorobenzene. 
Figure 24 shows a comparison of the solubility of quart-p-phenylenes JP-
03 and JP-04 in chlorobenzene (solvent used for solar cell device). JP-04 
presents higher solubility than JP-03 in chlorobenzene and therefore is the best 
candidate of this series of HTMs for solution processable films. These results 
confirm that the extended of number of rings and the introduction of electron 
donating groups (e.g. methoxy groups) are interesting approaches to design 
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soluble materials with high processability and suitability for perovskite solar 
cells. 
 
2.4 X-ray diffraction 
X-ray diffraction bi-p-phenylene 
 
Figure 25. Two views for the X-ray crystal structure of bi-p-phenylene. 
The X-ray structures show that the two central rings on the tetrahydopyrene 
core are almost co-planar with a small torsion angle of 11° as an effect of the 
ketal substituents. The distance of the central C-C bond between the phenyl 
rings of the tetrahydropyrene core was 1.462 Å, in agreement with the bond 
distance observed in tetrahydropyrene (1.470 Å)[75] for the same bond, which is 
slightly larger than that in pyrene (1.422 Å). However, the distance of the N-C 
bond between observed are 1.418 Å and 1.412 Å. 
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X-ray diffraction quart-p-phenylene 
 
Figure 26. Two views for the X-ray crystal structure of quart-p-phenylene. 
The X-ray structures also show that the two central rings on the 
tetrahydopyrene core are almost co-planar with a small torsion angle of 8° as 
consequence of ketal substituents. On the other hand, the torsion angle of the 
more external phenyl rings of the quart-p-phenylene core with the 
tetrahydropyrene reside is substantially higher (29°) as an effect of the free 
rotation. The distance of the central C-C bond between the phenyl rings of the 
tetrahydropyrene core is 1.467 Å. However, the distance of the C-C bonds 
between phenyl rings from triphenylamine moieties and the tetrahydropyrene 
increase to 1.483 Å. On the other hand, the distance of the N-C bond decreases 
to 1.411 and 1.399 Å. 
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2.5 Optoelectronic properties 
2.5.1 Absorption and fluorescence spectroscopy 
 
The optical properties of bi-p-phenylenes JP-01 and JP-02 and quart-p-
phenylenes JP-03 and JP-04 were investigated in solution. Figure 27 shows the 
normalised UV-Vis absorption and photoluminescence spectra of bi-p-
phenylenes JP-01 and JP-02 and quart-p-phenylenes JP-03 and JP-04. Bi-p-
phenylene and quart-p-phenylene derivatives absorb light in the region of UV-
vis of the electromagnetic spectrum, thus avoiding overlapping with the 
absorption of triple cation perovskite (vide infra). The absorption spectra are 
dominated by two main absorption bands around at 295 and 400 nm. 
 
Figure 27. a) UV-vis Absorption spectra of bi-p-phenylenes JP-01 and JP-02 and quart-p-
phenylenes JP-03 and JP-04. b) Photoluminescence spectra of bi-p-phenylenes JP-01 and JP-
02 and quart-p-phenylenes JP-03 and JP-04. 
The photoluminescence spectrum of JP-01 exhibits a maxima emission 
band at 425 nm. However, the emission spectra of JP-02 and JP-03 are 
bathochromically shifted in comparison with JP-01, with similar emission band 
for JP-02 and JP-03 around at 465 nm as consequence of the introduction of 
the electron donor (methoxy) groups for JP-02 and extended the conjugation of 
the -system for JP-03. By the same reason, the emission spectrum of JP-04 
appears the most bathochromically shifted with an emission band at 515 nm as 
it can be seen in the Figure 27b. 
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2.6 Electrochemical properties 
2.6.1 Cyclic voltammetric 
 
The electrochemical properties of bi-p-phenylenes JP-01 and JP-02 and quart-
p- phenylenes JP-03 and JP-04 were investigated by cyclic voltammetry in a 
CH2Cl2 solution using nBu4NPF6 (0.1 M) as electrolyte in a small cell of three 
electrode with a Pt disk electrode as the working electrode, an Ag wire 
reference electrode and a Pt counter-electrode (Figure 28). The potential values 
are given versus the redox potential of the ferrocene/ferrocenium couple, which 
was used as an internal standard. 
 
Figure 28. a) Cyclic voltammogram of bi-p-phenylene JP-01 and JP02 and b) of quart-p-
phenylene JP-03 and JP-04 in nBu4NPF6 in CH2Cl2 (0.1 mM). 
The voltammograms of bi-p-phenylenes JP-01 and JP-02 (Figure 28a) 
and quart-p-phenylene JP-03 and JP-04 (Figure 28b) showed oxidation 
processes, while no reduction processes were observed within the solvent-
supported electrolyte window. Bi-p-phenylene JP-01 showed two oxidation 
peaks with potentials identified at E1/2
ox1 = +0.35 V and E1/2
ox2 = +0.65 V. These 
waves are slightly defined due to the low solubility of JP-01 in CH2Cl2. With the 
introduction of electron donating groups, the two reversible peaks of JP-02 
appeared to more negative potentials with values of E1/2
ox1 = +0.35 V and E1/2
ox2 
= +0.65 V. The high solubility of JP-02 in comparison with JP-01 allowed a 
voltammogram with oxidation waves more defined (Figure 28a). In addition, the 
voltammogram of JP-02 exhibited a third quasi-reversible wave at E1/2
ox3 = 
+1.12 V as consequence of the methoxy groups. 
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The voltammograms of quart-p-phenylenes JP-03 and JP-04 only 
exhibited one oxidation process within the solvent-supported electrolyte window 
(Figure 28b) with potential identified at E1/2
ox1 = +0.83 and E1/2
ox1 = +0.23 for JP-
03 and JP-04, respectively. The reversible oxidation wave of JP-04 appeared to 
more negative potentials in agreement with the expected as consequence of the 
presence of electron donor groups. The half oxidation potentials are shown in 
the following Table 1. 
Table 1. Half oxidation potentials of bi-p-phenylenes JP-01 and JP-02 and quart-p- phenylenes 
JP-03 and JP-04. 
Compounds E1/2
ox1 (V) E1/2
ox2 (V) E1/2
ox3 (V) 
JP-01 +0.35 +0.65 X 
JP-02 +0.19 +0.46 +1.12 
JP-03 +0.82 X X 
JP-04 +0.23 x X 
 
2.6.2 Energy levels 
 
The optical HOMO-LUMO energy gaps (Eg
opt) of bi-p-phenylenes JP-01 and JP-
02 and quart-p- phenylenes JP-03 and JP-04 were estimated from the 
absorption onset of the longest absorption band. The Eg
opt of JP-01 is (Eg
opt = 
2.95 eV). However, the Eg
opt of JP-02 (Eg
opt
 = 2.85 eV) decreases as 
consequence of electron donor (methoxy) groups present in bi-p-phenylene. 
JP-03 and JP-04 exhibit similar trend with Eg
opt of 2.88 and 2.78 eV for JP-03 
and JP-04, respectively (Figure 27a). 
 The HOMO energy levels (EHOMO) were estimated from the onset of the 
first oxidation process (EHOMO = –4.8–e(EONSET-E1/2
Fc)). Bi-p-phenylene JP-01 
exhibits an EHOMO of –5.13 eV. However, the first oxidation process of JP-02 
appears to more negative potentials as consequence of the introduction of 
electron donor groups and therefore the EHOMO of JP-02 increases to –4.94 eV 
(Figure 28a). This effect is also consistent for JP-03 and JP-04 with values of 
EHOMO of –5.24 and –4.98 eV, respectively and as result the first oxidation 
process of JP-04 appears to more negative potentials (Figure 28b) in 
agreement with the expected. 
To finish, the LUMO levels (ELUMO) were estimated from the difference 
between Eg
opt and EHOMO. The ELUMO of bi-p-phenylenes and quart-p- 
phenylenes are –2.18, –2.05, –2.36 and –2.20 eV for JP-01, JP-02, JP-03 and 
JP-04, respectively. 
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Table 2. Optoelectronic properties of of bi-p-phenylenes JP-01 and JP-02 and quart-p- 
phenylenes JP-03 and JP-04. 
HTMs 
λ 
(nm) 
λem 
(nm) 
λonset 
(nm) 
Eg
opt 
(eV) 
HOMO 
(eV) 
LUMO 
(eV) 
JP-01 
304;394 425 420 2.95 –5.13 –2.18 
JP-02 
300;397 460 434 2.85 –4.94 –2.05 
JP-03 
293;383 467 430 2.88 –5.24 –2.36 
JP-04 
290;396 515 446 2.78 –4.98 –2.2 
 
The HOMO and LUMO energy levels are shown in the Figure 29. 
 
Figure 29. Energy levels of bi-p-phenylenes JP-01 and JP-02 and quart-p-phenylenes JP-03 
and JP-04 vs spiro-OMeTAD. 
The experimental EHOMO and ELUMO values indicate that bi-p-phenylenes 
JP-01 and JP-02 and quart-p- phenylenes JP-03 and JP-04 exhibited energy 
levels similar to Spiro-OMeTAD (reference material used as HTM). As it can be 
seen in the Figure 29, all the molecules of this series show optima energy levels 
and are candidates to behave as hole-transporting and electron-blocking 
material. However, due to the higher stability and solubility of JP-04, only quart-
p-phenylene JP-04 will be studied as promising hole-transporting and electron-
blocking material for PSCs with the goal to be further enhanced to rival with 
spiro-OMeTAD (Figure 30). 
Synthesis & Properties of New Materials as HTM for PSCs 
 
38 
 
 
Figure 30. JP-04 as novel molecular HTM comparable to spiro-OMeTAD.  
 
2.7 Computational studies  
 
These experimental results were rationalised with theoretical computational 
calculations that were carried out in collaboration with Prof. Dr. Manuel Melle-
Franco in the Department of Chemistry (CICECO Institute of Materials) at 
University of Aveiro. 
The theoretical computational calculations also provided information 
about the geometry, the energy levels and the electronic distributions of the 
quart-p-phenylene JP-04. The experimental energy levels are in good 
agreement with the theoretical values (EHOMO = –4.83 eV; ELUMO = –1.74 eV). 
 
Figure 31. Electronic density of the frontier orbitals of the quart-p-phenylene JP-04.  
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The electron density of the HOMO level of the quart-p-phenylene JP-04 is 
delocalised from the two external triphenylamine moieties across the biphenyl 
core. The molecule shows large delocalization along the whole molecule due to 
its planarity and it is worth nothing that the four methoxy groups also participate 
in the delocalization of the electron density (Figure 31). 
 
2.8 Applications 
2.8.1 Solar cell device incorporating JP-04 as HTM 
 
In Lausanne, Switzerland, in collaboration with the group of Prof. Dr. Juan Luis 
Delgado and Prof. Dr. Michael Grätzel, Dr. Silvia Collavini carried out the solar 
cell preparation and atomic force microscopy (AFM) studies under the 
supervision of the Prof. Dr. Shaik M. Zakeeruddin. 
To test the behavior of quart-p-phenylene JP-04 as an HTM, we 
prepared regular mesoporous PSCs with the triple-cation perovovskite[66e] 
(Csx(MA0.17FA0.83)(100-x)Pb(I0.83Br0.17)3). The devices were fabricated using a 
configuration comprising layers of fluorine-doped tin oxide (FTO) glass/compact 
TiO2/mesoporousTiO2/perovskite/quart-p-phenylene JP-04/Au configuration. 
We also fabricated a set with spiro-OMeTAD instead of quart-p-phenylene JP-
04, as a reference. Both HTMs were doped with small amounts of 
(bis(trifluoromethylsulfonyl)imide lithium salt) (LiTFSI) and 4-tert-butylpyridine 
(TBP).[76] A cross-sectional field emission scanning electron (FESEM) 
micrograph of one of the devices shows clearly the heterostructure constituted 
by the different layers shown in the Figure 32. FESEM has been investigated in 
collaboration with Ivet Kosta at CIDETEC. 
 
Figure 32. FESEM cross section of quart-p-phenylene JP-04. 
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 The observed thickness of the quart-p-phenylene JP-04 slab was around 
70-90 nm. Notably, the HTM layer is compact and its thickness is uniform 
across the cell surface, which confirmed the high processability and suitability of 
this molecule for perovskite solar cells. 
AFM studies 
 
The arithmetic roughness measured by AFM of a layer of quart-p-phenylene 
JP-04 directly on the (Csx(MA0.17FA0.83)(100-x)Pb(I0.83Br0.17)3) layer shows that 
quart-p-phenylene JP-04 contributes to the smoothness of the cells (Figure 33). 
 
Figure 33. a) AFM image of perovskite/TiO2M/TiO2c/FTO/Glass. RA (nm):13. b) AFM image of 
Quart-p-phenylene JP-04/perovskite/TiO2M/TiO2c/FTO/Glass. RA (nm):6.4. 
Results of PCEs 
 
We investigated quart-p-phenylene JP-04 deposited from the chlorobenzene 
solutions with three different concentrations (15, 20 and 30 mM) (Figure 34). 
The photovoltaic parameters of such solar devices were compared to those 
containing spiro-OMeTAD, illustrating the best performance for the ones 
fabricated from 30 mM solutions of quart-p-phenylene JP-04. 
The J-V curves and the extracted cell parameters obtained for the best-
performing cells using quart-p-phenylene JP-04 (30 mM in chlorobenzene) as 
the HTMs (Figure 34 and Table 3) show PCE, short circuit current (JSC), open 
circuit voltaje (VOC) and fill factor (FF) values that are comparable to those 
obtained for the spiro-OMeTAD reference cells. In particular, the average PCE 
(PCEav = 12.8%) and the maximum PCE (PCEmax = 15.3%) observed for quart-
p-phenylene JP-04 are comparable to those values observed for spiro-
OMeTAD (PCEave = 14.4% and PCEmax = 17.0%). 
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Figure 34. Statistics of the photovoltaic parameters of spiro-OMeTAD (red) and quart-p-
phenylene JP-04 containing devices (15 mM: green, 20 mM: blue, 30 mM: cyan). 
Table 3. VOC (V), JSC, (mA cm
-2
), FF (%) and PCE (%) of the devices. 
HTM VOC JSC FF PCEave PCEmax 
spiro-OMeTAD 1.009 20.6 78 14.4 17.0 
JP-04 1.042 17.9 73 12.8 15.3 
 
 The VOC values of quart-p-phenylene JP-04 (VOC = 1.042 V) are slightly 
higher than those measured for spiro-OMeTAD (VOC = 1.009 V), while the JSC 
values of quart-p-phenylene JP-04 (JSC = 17.9 mA cm
-2) are slightly lower than 
those of spiro-OMeTAD (JSC = 20.6 mA cm
-2). The FF of the device with quart-
p-phenylene JP-04 is lower, which can be rationalised in terms of the series 
resistance (Rs) observed in the different sets of devices, which are obtained 
from the J-V curves measured under quart-p-phenylene JP-04 sun irradiation in 
a backward scan (Figure 35a). 
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Figure 35. a) The J-V curves of the best performing devices. b) Statistic of the series resistance of 
working devices. 
 Both molecules showed satisfying Rs values, but in the case of quart-p-
phenylene JP-04 are slightly higher, which accounts for the slightly smaller PCE 
values (Figure 35b). The FF and PCE values increase with higher 
concentrations of quart-p-phenylene JP-04, while the VOC and JSC values 
display small variations. These effects are most likely related to different 
morphology of films prepared with different concentrations of quart-p-phenylene 
JP-04. 
  
Synthesis & Properties of New Materials as HTM for PSCs 
 
43 
 
2.9 Polymer based on quart-p-phenylene as HTMs for PSC 
2.9.1 Introduction 
 
To summarise, a new efficient HTM based on a partially planarised quart-p-
phenylene core incorporating tetraketal and diphenylamine substituents has 
been reported in this chapter. JP-04 shows optimal energy levels and solubility 
for PSC application, giving a PCE of ≈ 15.28% which is comparable with spiro-
OMeTAD as the reference. As consequence of good result obtained, we think 
that oligo- and poly-p-phenyllenes using planarised quart-p-phenylene as new 
building block to polymerise could improve the deposition process in the device 
by controlling the number of rings and their planarization. Therefore, the 
polymer based on quart-p-phenylene JP-04 (Figure 36) as new core has been 
synthesised as promising HTM for PSCs with the idea to be further enhanced to 
rival with spiro-OMeTAD. 
 
Figure 36. Chemical structure of spiro-OMeTAD and of Poly-p-phelylene POL_JP-04. 
This section describes synthesis and characterisation of a novel poly-p-
phelylene POL_JP-04 based on quart-p-phenylene JP-04 as new building core 
formed by two central (highlighted in red) rings are embedded on a planar 
tetrahydropyrene structure functionalised on one hand, with two triphenylamines 
and on the other hand, electron donating tetraketal moieties in order to improve 
optimal HOMO and LUMO energy levels and increase the solubility for solution-
processable HTMs. 
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2.9.2 Synthesis 
 
Poly-p-phelylene POL_JP-04 has been synthesised following the synthetic 
route set out on Scheme 3. POL_JP-04 has been obtained via Suzuki cross 
coupling reaction between diiodotetrahydropyrene derivative 3,[46, 73] that has 
been described previously in Scheme 2 and the precursor B,[77] which was 
prepared from commercially available compounds in four steps by Silvia Valero 
from Hybrid Materials for Photovoltaics Group of Prof. Dr. Juan Luis Delgado. 
Suzuki cross coupling reactions using conventional heating led to lower 
molecular weight. Therefore, the reaction via microwave-assisted gave high 
molecular weight in short reaction times (11 minutes). 
 
Scheme 3. Synthesis of polymer Pol_JP-04.  
The polymer exhibited high solubility in THF, toluene and chlorinated 
solvents and the size of the poly-p-phelylene POL_JP-04 has been estimated 
by size exclusion chromatography (SEC) in THF using polystyrene standard as 
polymers of calibration with a valor of number-average molecular weight (Mn) of 
9681 g mol-1, a weight-average molecular weight (Mw) of 31903 g mol
-1 and a 
polydispersity of 3.29 (PDI = Mw/Mn). In addition, the chemical structure of the 
polymer was determined by 1H-NMR spectroscopy and MALDI-TOF 
spectrometry. 
Table 4. Molecular weight of the poly-p-phelylene. 
Sample Mn (g mol
-1) Mw (g mol-1) PDI 
POL_JP-04 9681 31903 3.29 
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2.9.3 Optoelectronic properties 
2.9.3.1 Absorption and fluorescence spectroscopy 
 
The optical properties of poly-p-phelylene POL_JP-04 has been studied in 
solution. Figure 37 shows the normalised UV-Vis absorption and 
photoluminescence spectra of poly-p-phelylene POL_JP-04 in comparison to 
the reference quart-p-phenylene JP-04. The absorption spectrum of the poly-p-
phelylene exhibits similar trend than small molecule quart-p-phelylene JP-04 
and also absorbs light preferentially in the UV region of the electromagnetic 
spectrum that is necessary to avoid overlap with the perovskite in the 
absorption of the light. 
 
Figure 37. a) UV-vis Absorption spectra and b) Photoluminescence spectra of quart-p-
phenylene JP-04 and poly-p-phelylene POL_JP-04 in CH2Cl2. 
The absorption spectrum of poly-p-phelylene POL_JP-04 show two main 
absorption maxima bands centered at 300 and 400 nm. However, the 
absorption maxima bands in the poly-p-phelylene POL_JP-04 (305 and 407 
nm) appears slightly bathochromically shifted in comparison to reference quart-
p-phenylene JP-04 as consequence of an extension in the effective 
conjugation. However, the photoluminescence spectra did not exhibit the same 
trend that absorption spectra. In this case, the emission maxima band of poly-p-
phelylene POL_JP-04 (505 nm) appeared blue-shifted in comparison to the 
reference quart-p-phenylene JP-04 (Figure 37b). This could be rationalised that 
the effect of number of electron donor methoxy groups prevailed in comparison 
of extended the conjugation of -system. 
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2.9.4 Electrochemical properties 
2.9.4.1 Cyclic voltammetric 
 
The electrochemical properties of poly-p-phelylene POL_JP-04 was 
investigated by cyclic voltammetry in a CH2Cl2 solution using nBu4NPF6 (0.1 M) 
as electrolyte in a small cell of three electrode with a Pt on disk electrode as the 
working electrode, an Ag wire reference electrode and a Pt counter-electrode. 
The potential values are given versus the redox potential of the 
ferrocene/ferrocenium couple, which was used as an internal standard (Figure 
38). 
 
Figure 38. Cyclic voltammogram of poly-p-phelylene POL_JP-04 compared with the JP-04 in 
nBu4NPF6 in CH2Cl2 (0.1 mM). 
Figure 38 shows a comparison of cyclic voltammograms of the polymer 
POL_JP-04 with the reference quart-p-phenylene JP-04. The voltammograms 
exhibit several oxidation processes, while no reduction processes were 
observed within the solvent electrolyte window.  
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2.9.4.2 Energy levels 
 
The HOMO energy level of poly-p-phelylene POL_JP-04 has been estimated 
from onset of the first oxidation process (Figure 38) with a valor of (EHOMO = –
4.95 eV), which increases in energy in comparison to quart-p-phenylene JP-04 
(EHOMO = –4.98 eV) due to a larger conjugated system. The optical energy 
gap (Eg
opt) of poly-p-phelylene POL_JP-04 was estimated from absorption 
onset of the longest absorption wavelength (Figure 37a) with value of 2.72 eV, 
which decreases compared with quart-p-phenylene JP-04 (Eg
opt = 2.78 eV) as 
result of extended the conjugation in the polymer that is according with the 
expected. The LUMO level was estimated from the difference between Eg
opt and 
EHOMO. The LUMO energy of poly-p-phelylene POL_JP-04 (ELUMO = –2.23 eV). 
 
Figure 39. Energy levels of quart-p-phenylene JP-04 and poly-p-phelylene POL_JP-04 vs 
Spiro-OMeTAD. 
Figure 39 shows a comparison of the energy levels of quart-p-phenylene 
JP-04, poly-p-phelylene POL_JP-04 and spiro-OMeTAD (reference material 
used as HTM). POL_JP-04 exhibits optimal energy levels that are comparable 
with the reference levels. In addition, POL_JP-04 presents high stability under 
ambient conditions without any evidence of decomposition and good solubility in 
chlorinated solvents for solution-processable films. Therefore, POL_JP-04 is 
very promising candidate to behave as hole-transporting and electron-blocking 
material for PSC applications. Triple-cation perovskite devices incorporating 
poly-p-phelylene POL_JP-04 as new HTM is been investigated. 
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2.10 Conclusions 
 
This chapter describes synthesis and full characterisation of a family molecular 
HTM based on a partially planarised bi-p-phenylenes (JP-01 and JP-02), quart-
p-phenylenes (JP-03 and JP-04) and of a novel poly-p-phelylene POL_JP-04. 
In addition, the optoelectronic (UV-vis absorption and 
photoluminescence) and electrochemical properties of bi-phenylene (JP-01 and 
JP-02) and quart-p-phenylene (JP-03 and JP-04) show energy levels 
comparable and well aligned with the spiro-OMeTAD (reference material used 
as HTM in PSCs). However, thermal, theoretical and solubility properties 
confirm that only quart-p-phenylene JP-04 possesses optima stability and high 
solubility to be implemented as a hole-transporting and electron-blocking 
material in PSCs. Therefore, triple-cation perovskite devices 
(Csx(MA0.17FA0.83)(100-x)Pb(I0.83Br0.17)3) incorporating such quart-p-phenylene JP-
04 as HTM were investigated leading to power-conversion efficiencies, short 
circuit currents, opencircut voltages, and fill factor that are comparable to those 
of spiro-OMeTAD without any device optimization. 
 To conclude, we foresee that by further improvement of the deposition 
process, by controlling the number of rings and their planarization, the 
performance of poly-p-phelylene POL_JP-04 as novel molecular HTM based on 
quart-p-phenylene JP-04 core can be further enhanced to rival with spiro-
OMeTAD. The incorporation of these polymers is planned and the results will be 
reported in due time. 
 
Figure 40. Energy levels (eV) of the different device components. 
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3.1 Introduction 
 
Nanographenes (NGs) are large monodisperse polycyclic aromatic 
hydrocarbons (PAHs) that extend in size beyond a nanometer and have shown 
much promise in a wide range of application including electronics, photonics, 
and energy materials.[60b, 78] 
 
Figure 41. Schematic illustration of graphene terminology defined according to their size 
scale.
[33]
 
Atomically precise control over the NG structure is crucial to fully exploit 
their potential. For instance, by controlling the number of rings, their 
arrangement, heteroatom-doping and substituents at the aromatic core, it is 
possible to fine-tune their energy levels and therefore modulate electron 
affinities, ionization potentials, energy gaps, and absorption and emission 
properties, among other properties. 
 As mentioned in Chapter 1, it has been shown that the properties of NGs 
are highly dependent on structural variable such as width, length, edge 
structure, and heteroatom doping. More in particular, our group developed an 
efficient methodology based in an iterative approach that assembles small 
building block carefully interconnected leading to monodisperse GNRs of 
different lengths[46] (Figure 42). 
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Figure 42. Chemical structure of graphene nanoribbons NR-10, NR-20 and NR-30.
[46]
 
 For this reason, others large PAHs of different shape or symmetry have 
been investigated by exploiting this methodology. Among NGs, planar threefold-
symmetry star-shaped nanographene (SNGs), such as startphenes, 
cloverphenes, and their extended derivatives (Figure 43)[79] have obtained a 
prominent position as materials for charge transport, energy conversion and 
storage, light-emitting, and sensing applications.[80]  
However, even though there have been very impressive advances in 
recent years and large SNGs diameters reaching 3.0 nm (C150) have been 
reported by solution synthesis,[79b-f, 79h, 79i, 79l] the largest soluble SNG that has 
been fully characterised has a diameter of 2.8 nm (C66).
[79k] This is because of 
the lack of solubility of planar -system that extends in two dimensions, which 
tend to aggregate strongly by -stacking in solution. In fact, the synthesis of 
extended SNGs is still a challenging task that requires dealing with insoluble 
intermediates and products, which overall makes synthesis, purification, 
characterisation, and processing difficult, slowing down the exploration of their 
fundamental properties and the development of potential applications. 
This chapter describes synthesis and full characterisation of a new family 
of giant SNGs (SNG-G0, SNG-G1 and SNG-G2). This series of SNGs have 
diameters exceeding those of the largest SNGs (3 nm) and that have been fully 
characterised owing to their high solubility (Figure 43). For instance, SNGs of 
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the first generation of this family (SNG-G1) have a diameter of 4.1 nm, and 
remarkably, those of the second generation (SNG-G2) have a diameter of 6.5 
nm. As we show below, the synthesis of this SNG family is not trivial and 
requires the careful design of a key C3-symmetrical precursor (SNG-G0), from 
which the aromatic core can be then extended radially. 
 
Figure 43. The structure of compared to representative SNGs synthesised by solution methods. 
Molecular formulas correspond to those of the aromatic core only. 
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3.2 Synthesis 
 
The organic synthesis the planar threefold-symmetric SNG has been carried out 
by bottom up approach based in a simple divergent iterative assembly 
molecular using as cyclocondensation reaction between o-Diamines an o-
Hexaone, providing an efficient synthetic route to interconnect bulding blocks 
(Figure 44). 
 
Figure 44. Strategy for the synthesis of SNGs.  
On a first approach, we selected precursor A[46] (Figure 45), which 
consists on a dibenzodiazatetracene core with terminal protected ketones in the 
pyrene end and diamino groups at the quinoxaline end that enables an iterative 
reaction scheme, as it can be assembled with itself through rounds of 
cyclocondensation/deprotection reations. 
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Figure 45. Chemical structure of the precursor A. 
The synthesis of precursor A was reported previously by our group for 
the synthesis of NRs[46] and has been achieved in twelve steps, described in the 
following the route set out on Scheme 4. 
 
Scheme 4. Synthesis of the precursor A.[46] 
Precursors 4[25k] and 7[73c] were prepared from commercially available 
compounds in two and four steps, respectively reported in the literature. 
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In addition, A possesses a combination of tert-butyl and tri-iso-butylsilyl 
(TIBS) groups that have been shown to render large NGs soluble.[46] The 
synthesis of SNGs was attempted by cyclocondensation of precursor A to the 
commercially available cyclohexane-1,2,3,4,5,6-hexaone (HKT) (Scheme 5), 
which has been broadly used for the synthesis of hexaazatriphenylenes and 
hexaazatrinaphtheylenes.[3a[81] However, the cyclocondensation between o-
diamine derivative A and HKT in the solvent mixtures typically used for this type 
of cyclocondesation reations did not provide the expected cycloadduct B and, 
instead, yielded an inseparable mixture of compounds. When this mixture was 
exposed to Bunz oxidation conditions (MnO2)
[82] it evolved into adduct C with a 
linear C2 ribbon-like structure (Scheme 5). 
 
Scheme 5. Attempted synthesis of precursor B, leading to compound C instead. 
The formation of the C2 adduct can be rationalised in term of the low 
nucleophilicity of the diamines on the quinoxaline residue of A, which is unable 
to overcome the steric hinderance present on the C3 adduct, giving rise to a 
mixture of linear C2 dihhydro species that are aromatised afterwards to C, by 
MnO2, in line with several cases that have been noted in the recent literature.
[83] 
At this stage, it was necessary to change strategy (Scheme 6) and to 
design a new C3 symmetrical precursor in which the three sets of diones are far 
apart from each other, and the position of the tert-butyl solubilizing groups 
should not interfere sterically with the TIBS groups present at A during the triple 
cyclocondesation step. Therefore, pyrene diketone D,[73c] which can be obtained 
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in four steps from pyrene was condensed with 1,2,3,4,5,6-hexaaminobenzene 
(HAB).[81] HAB can be obtained in three steps from 1,2,3-trichlorobenzene. 
 
Scheme 6. Synthesis of SNG-G0, SNG-G1, and SNG-G2. 
Synthesis & Properties of SNGs 
 
58 
 
The cyclocondensation reaction proceeded without problems and yielded 
the hexaone-protected precursor SNG-G0 in a good yield (45%) (Synthesised 
by Dr. Alberto Riaño)[65]. The deprotection of the terminal o-diones in the 
presence of TFA and water yielded the hexaone terminated precursor SNG-G0-
Q (70%). The cyclocondensation reaction between A, and SNG-G0-Q 
proceeded without any problems and yielded SNG-G1 after chromatographic 
purification (32%). The deprotection of the terminal diones in water/TFA, 
followed by cyclocondesation with A, yielded the desired SNG-G2 (38%).  
 
3.3 Solubility 
 
The high solubility of this SNG family in neutral organic solvents (toluene, THF 
and chlorinated solvents) at room temperature allowed their purification by 
chromatography methods followed of a complete structural, optoelectronic, and 
electrochemical characterisation. tert-Butyl and tri-isobutylsilyl were selected 
like solubilising groups because of their relatively small size and large 
solubilising power.[46, 84] Thank to enhance solubility their structure was 
established unambiguously by 1H NMR and 13C NMR spectroscopy and matrix-
assisted laser desorption/ionization time of flight high resolution mass 
spectrometry (MALDI-TOF HRMS). 
 
Figure 46. 
1
H NMR spectra of SNGs in CDCl3. 
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The 1H NMR and 13C NMR spectra showed remarkably sharp signals 
that allowed confirming the structure in all the SNGs, illustrating the high 
solubility of the whole series. For instance, the integration of 1H NMR signals 
are in agreement with the structures of the SNGs (Figure 46), integrating six 
protons for the aromatic signals a and b in SNG-G0, SNG-G1, and SNG-G2, six 
protons for the aromatic signals e and f in the case of SNG-G1 and SNG-G2, 12 
protons for the aromatic signals j in the case of SNG-G2. While in SNG-G0, 
SNG-G1, and SNG-G2, 24 protons for the terminal diketal signals c were 
observed in all cases, which is also consistent with the structures. 
In addition, 1H NMR (Figure 46) does not show any evidence of the 
dihydro derivatives in the cyclocondedensation reaction. SNG-G0, SNG-G1, and 
SNG-G2 are fully aromatised because SNG-G0, SNG-G1, and SNG-G2 were 
exposed to Bunz oxidation conditions and no changes of color were observed. 
The high solubility of this SNG family in neutral organic solvents at room 
temperature allowed a complete structural, optoelectronic, and electrochemical 
characterisation that together with charge transport studies illustrate their n-type 
semiconducting character. 
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3.4 Optoelectronic properties 
3.4.1 Absorption and fluorescence spectroscopy 
 
The absorption and photoluminescence spectra of the SNGs were investigated 
in CHCl3 and showed sets of absorption bands also consistent with their 
structure (Figure 47). 
 
Figure 47. a) UV vis electronic absorption and b) photoluminescence spectra in CHCl3. 
The electronic absorption spectrum of SNG-G0 is dominated by bands at 
357, 402, and 428 nm, with a molar attenuation coefficient of 68429 L mol-1cm-1 
for the longest wavelength transition (Figure 47a). The absorption bands of 
SNG-G1 (354, 525, and 604 nm) and SNG-G2 (373, 541, and 605 nm) appear 
bathchromically shifted in comparison with those of SNG-G0 as consequence of 
the extension in the effective conjugation, which allows identification of three 
main absorption bads with their corresponding vibronic features. These were 
assigned as the , and  bands from longer to shorter wavelengths (Figure 
47a). 
 The spectra showed that while the band remains at almost invariant 
energies, the  and the  bands are increasingly shifted towards lower energies 
as a result of the radical extension of the -system. Remarkably, also the molar 
absorptiviy () increases with the diameter of the SNG, as exemplified by 
comparing the  bands of SNG-G1 (448985 Lmol
-1cm-1) and SNG-G2 (629021 
Lmol-1cm-1). 
 All three SNGs are emissive regardless of their size and their 
photoluminescence spectra are also consistent with their electronic structure 
(Figure 47b). The emission spectrum of SNG-G0 in CHCl3 (ex = 340 nm) 
exhibited a band at 443 nm with a quantum yield ( = 0.26) estimated using 9, 
10-diphenylanthracene in hexane as a reference. However, the 
Synthesis & Properties of SNGs 
 
61 
  
photoluminescence spectra of SNG-G1 and SNG-G2 under (ex = 524 and 540 
nm, respectively) in CHCl3 show an isoenergetic emission band 623 nm (= 
0.27 and 0.15  for SNG-G1 and SNG-G2, respectively), estimated using oxazine 
in MeOH as a reference. Since the emission originates in both cases from  
absorption band, which is diameter independent. Moreover, the emission of 
SNG-G1 and SNG-G2 is bathochromically shifted in comparison SNG-G0, as the 
result of the extended conjugation of the -system. 
Table 5. Optoelectronic properties of SNG-G0, SNG-G1, and SNG-G2. 
 
λ  
(nm) 
λ onset 
(nm) 
Egap
opt 
(eV) 
 
Lmol-1 cm-1 
Em 
(nm) 
QY 
(%) 
SNG-G0 428 446 2.78 68429 443 0.26 
SNG-G1 604 626 1.98 448985 623 0.27 
SNG-G2 605 629 1.97 629021 623 0.15 
 
3.5 Electrochemical properties 
3.5.1 Cyclic voltammetry 
 
The electrochemical properties of the SNGs were investigated by cyclic 
voltammetry in CH2Cl2 solution using nBu4NPF6 (0.1 M) as electrolyte in a small 
cell of three electrode with a glassy carbon disk electrode as the working 
electrode, an Ag wire reference electrode and a Pt counter-electrode. The 
potential values are given versus the redox potential of the 
ferrocene/ferrocenium couple, which was used as an internal standard (Figure 
48). 
 
Figure 48. Cyclic voltammograms in Ar saturated 0.1 M solution of nBu4NPF6 in CH2Cl2. 
Potential versus Fc/Fc
+
. 
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The voltammograms show several reduction processes, while no 
oxidation processes were observed within the solvent-electrolyte window. From 
the cyclic voltammograms of SNG-G0, four reduction waves could be identified 
at potentials more negative than –1.5 V, while only three reduction waves at 
more positive potentials (between –0.5 and –2.0 V) were identified for SNG-G1 
and SNG-G2, in agreement with the extended conjugation. The three reduction 
waves are more anodically shifted and broader in the case of SNG-G2, which is 
consistent with both the extended conjugation. 
 
3.5.2 Energy levels 
 
The energy gaps (Egap
opt) were estimated from the absorption onset of the 
longest absorption wavelength (Figure 47a) with values of 2.78, 1.98, and 1.97 
eV for SNG-G0, SNG-G1, and SNG-G2, respectively. The LUMO levels (ELUMO) 
were estimated from the onset of the first reduction potential (Figure 48) (ELUMO 
= –4.8–e(EONSET-E1/2
Fc)). The ELUMO of SNG-G0, SNG-G1, and SNG-G2 were –
3.24, –3.98, and –4.00 eV, respectively. The HOMO energy levels (EHOMO) have 
been calculated from the difference between ELUMO and Egap
opt and are –6.02, –
5.96, and –5.97 eV for SNG-G0, SNG-G1, and SNG-G2, respectively.  
 
Figure 49. Energy levels of SNG0, SNG-G1 and SNG-G2. 
Figure 49 shows a comparison of energy levels of SNGs. The (ELUMO) 
values of SNG-G1-2 decrease with increasing of the diameters. The low LUMO 
energies of SNG-G1-2 illustrate the n-type semiconducting character and their 
potential in charge transport and energy conversion applications. 
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3.6 Pseudo-photoconductivity properties 
3.6.1 Time-Resolved Microwave Conductivity Measurements 
(TRMC) 
 
To assess the charge-transpoting properties of the SNGs, their solid powders 
were investigated directly by TRMC[85] (Figure 50 and Table 6). The pseudo-
photoconductivity SNG-G0, SNG-G1, and SNG-G2 were studied in collaboration 
by Prof. Dr. Akinori Saeki at Osaka University. 
 
Figure 50. Pseudo-photoconductivity SNG-G0, SNG-G1, and SNG-G2 (= 355 nm, l0 = 9.1 x 
10
15
 photons cm
-2
). 
A film on a quartz substrate was set in a resonant cavity and probed by 
continuous microwaves at ~9.1 GHz. The third harmonic generation (THG; 355 
nm) of an Nd:YAG laser (Continuum Inc., Surelite II, 5-8 ns pulse duration, 10 
Hz) was used as an excitation source (incident photon density, I0 = 9.1 × 1015 
photons cm-2 pulse-1). The photoconductivity transient Δσ was converted to the 
product of the quantum yield (φ) and the sum of the charge carrier mobilities, Σμ 
= (μh + μe) by φΣμ = Δσ(eI0Flight)
-1, where e and Flight are the unit charge of a 
single electron and the correction (or filling) factor, respectively. 
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Table 6. TRMC of SNG-G0, SNG-G1 and SNG-G2 (λ = 355 nm, I0= 9.1 x 10
15
 photons/cm
2
). 
    
_Max 
[10
-5
 cm
2
 V
-1
 s
-1
] 
_Max 
[10
-9
 S cm
-1
] 
Half-lifetime 
[10
-7
 s]  
 
WL 
[nm] 
Power 
[10
-2
 W] 
F 
[10
5
 m-3]
 Decay
 
Manual
 
Decay
 
Manual
 
half
 
peak
 half-
peak
 
SNG-G0 355 1.00 2.57 1.39 1.37 10.3 10.1 6.70 0.78 5.92 
SNG-G 355 1.00 2.57 7.84 7.30 5.79 5.39 4.64 1.58 3.06 
SNG-G1 355 1.00 2.57 10.0 9.83 7.39 7.26 5.90 0.90 5.00 
SNG-G1 355 1.00 2.57 9.80 9.70 7.24 7.16 9.28 1.29 7.99 
SNG-G2 355 1.00 2.57 14.2 14.1 10.5 10.4 6.26 1.01 5.25 
SNG-G2 355 1.00 2.57 8.12 8.07 6.00 5.96 6.01 1.25 4.76 
 
TRMC allows calculation of the pseudo-photoconductivity values 
(φΣμmax), which can be considered the intrinsic or minimum charge-carrier 
mobility of the material, without the need for contacts. For instance, the φΣμmax 
values correspond to the sum of the hole and electron mobilities () times the 
quantum yield (), we obtained nearly invariant half-lives (1/2) of 0.45, 0.65, and 
0.50s for SNG-G0, SNG-G1 and SNG-G2, respectively, were measured. The 
nearly invariant φΣμ and 1/2 values observed are consistent with observed 
localised states. The pseudo-photoconductivity average values are shown in the 
following Table 7. 
Table 7. Pseudo-photoconductivity average values of SNG-G0, SNG-G1 and SNG-G2. 
 
_ave 
[10
-4
 cm
2
 V
-1
 s
-1
] 
SNG-G0 1.05 
SNG-G1 0.98 
SNG-G2 1.11 
 
3.7 Computational studies 
 
These experimental results were rationalised with theoretical computational 
calculations that were carried out in collaboration with Prof. Dr. Manuel Melle-
Franco in the Department of Chemistry (CICECO Institute of Materials) at 
University of Aveiro. 
After several attempts, we were not able to grow crystals suitable for X-
ray diffraction and therefore we needed the theoretical computational 
calculations in order to study the chemical structure of SNGs. The simulations 
show that the SNG series can adopt a phethora of slightly twisted 
conformations as the result of the bulkiness of the TIBS groups (Figure 51), but 
given the inherent flexibility of the iso-propyl substitutens, the energies for 
interconversion between conformations are very small, which gives rise to 
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nearly planar structures on average. The simulations show that the SNGs 
possess stable disk structures with diameters of 1.7, 4.1, and 6.5 nm, 
respectively, for SNG-G0, SNG-G1, and SNG-G2. 
 
Figure 51. SNG-G0 (left), SNG-G1 (middle) and SNG-G2 (right) computed with GFN-xTB. 
In addition, the experimental electronic absorption spectra are in 
agreement with the calculated ones, which do not only corroborate the 
electronic structure but also shine light on the nature of the electronic transitions 
(Figure 52). The calculations show absorption spectra with the same trends as 
the experimental ones in term of energies and intensities, in which the spectrum 
of SNG-G0-H also differs from the spectra of SNG-G1-H and SNG-G2-H (Figure 
52). The simulated spectrum of SNG-G0-H confirms that the , , and  bands 
overlap.  
 
Figure 52. Absorption spectra for SNG-G0-H, SNG-G1-H and SNG-G2-H at the B3LYP-6-31g(d) 
level in vacuum (96 excitations), the simulated spectra (intensity vs. wavelength) is represented 
by a continuous line, while the oscillator strength of each transition is represented by sticks. 
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3.8 Tuning the energy levels of SNGs for the use as ETMs 
3.8.1 Introduction 
 
As mentioned in Chapter 1, another important component in solar cells based 
on perovskite system is the electron-transporting layer (ETM). So far, the most 
commonly organic material used as ETM is the derivate of fullerene PC61BM 
([6,6]-pheny-C61-butyric acid methyl ester) (Figure 53a). PC61BM shows optimal 
band gap and good electron mobility. Currently, the enhance of performance of 
PSCs have been achieved as result of the looking for and the design of new 
organic materials for ETM with optima energy levels that generate a high flew of 
electrons from perovskite to electrode and reduce the energy losses through 
thermalization. 
 
Figure 53. a) Chemical structura of PC61BM. b) Energy levels of inverted PSC architecture.
[22]
 
Since the HOMO and LUMO levels can be controlled by several factors 
such as number of ring, introduction of heteroatoms (N, O, S, P and B) among 
others. Also it is possible tune the electronic structure of PAHs varying the 
number and position of nitrogen atoms in the aromatic core. Our group 
demonstrated that the incorporation of benzothiadazole moieties as new end 
capped of NRs improved and optimised the energy levels for developing new 
electron-deficient compounds with character n-type semiconductor for 
applications in organic electronics with the synthesis and characterisation of 
NR-18-BTD[86] (Figure 54). 
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Figure 54. Chemical structure of NR-18-BTD.
[86]
 
In addition, inverted halide perovskites solar cells devices (Figure 53b) 
incorporating graphene NRs as efficient ETMs[45] and hole-blocking material 
have emerged as promising technology with high values of PCEs that are 
comparable with PC61BM (reference material used as ETM in PSC). Therefore, 
SNG using benzothiadazole moieties as new end capped is attractive candidate 
for the design of efficient ETM. For this reason, it is described the synthesis and 
characterisation of a stable trithidiazole-capped star-shaped nitrogen-doped 
nanographene (SNG-G1BTD) as promising ETM for PSC (Figure 55). 
 
Figure 55. Chemical structure of SNG-G1BTD. 
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3.8.2 Synthesis 
 
The synthesis of SNG-G1BTD has been obtained by a triple cyclocondesation 
reaction between the SNG-G1-Q and TIPS-diamino-benzothiadiazole TIPSBTD-
NH2
[87] which can be prepared in five steps from o-phenylenediamine yielding to 
desired product (3 mg 28%) (Scheme 7). At this case, tri-iso-propylsilyl (TIPS) 
was used as solubilizing group due to the small size of TIPS that not interfere 
sterically with terc-butyl group present at SNG-G1-Q in comparison with tri-iso-
butylsiliyl (TIBS) where the cyclocondesation between SNG-G1-Q and TIBS-
diamino-benzothiadiazole TIBSBTD-NH2 did not provide. This could be 
rationalised as consequence of the lower nucleophilicity of the TIBS-diamino-
benzothiadiazole compared with TIPS-diamino derivative. 
At this stage, we selected SNG-G1-Q as new C3 symmetrical precursor 
because SNG-G1 exhibited better optima energy LUMO (ELUMO) than SNG-G0 
for photovoltaic applications. As it can be seen in the Scheme 7, the synthesis 
of the precursor SNG-G1-Q was carried out through two rounds of 
cyclocondensation/deprotection reactions using precursors D and HAB like 
starting materials which are prepared from commercially available compounds 
in 4 and 3 steps, respectively. 
The combination of the substituents tert-butyl, TIBS and TIPS groups 
enhanced the solubility of SNG-G1BTD in THF, toluene and chlorinated 
solvents at room temperature, allowing their purification by chromatographic 
techniques and their complete characterisation to establish their structure by 1H 
NMR and 13C NMR spectroscopy and MALDI-TOF HRMS. 
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Scheme 7. Synthesis of SNG-G1BTD. 
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3.8.3 Optoelectronic properties 
3.8.3.1 Absorption and fluorescence spectroscopy 
 
The optical properties of SNG-G1BTD have been investigated in solution. 
Figure 56 shows the UV-vis absorption and the normalised photoluminescence 
spectra of SNG-G1BTD in CHCl3.The absorption spectrum of SNG-G1BTD 
exhibits a sets of absorption maxima bands which allow the identification of four 
main absorption bands assigned as the and ´ bands from longer to 
shorter wavelengths, in agreement with NR-18-TD previously reported by our 
group.[86] 
 
Figure 56. a) UV-vis absroption and b) photoluminescence spectra of SNG-G1BTD in CHCl3. 
 The electronic absorption spectrum of SNG-G1BTD shows four main 
maxima bands centered at 603, 515, 445 and 370 nm with large absorption 
coefficients 101,596; 288,606; 332,621 and 442,750 L mol-1 cm-1 for and 
´ bands respectively (Figure 56a). The  band of SNG-G1BTD (515 nm) 
appears blue-shifted with  band of SNG-G2 (541 nm) as consequence of a 
lower radial extension of the -conjugation in SNG-G1BTD. However, the  
band of SNG-G1BTD appears surprisingly blue-shiffted in comparison with  
band of SNG-G1, (525 nm) as the result of introduction of three thiadiazoles 
moieties on SNG structure. The longest wavelength  band remains invariant at 
similar wavelength of SNG-G1-2 (605 nm) in agreement with the expected and 
with previous NRs[46, 86] reported. 
 The photoluminescence spectrum of SNG-G1BTD was also investigated 
in CHCl3 (Figure 56b). Under wavelength excitation of 580 nm, SNG-G1BTD 
exhibited a maxima emission band at 620 nm which is comparable to SNG-G2 
(623 nm), and to thiadiazole-capped NR with 18[86] linearly fused ring. This is 
due to the emission band is originated from  absorption band. 
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3.8.4 Electrochemical properties 
3.8.4.1 Cyclic voltammetry 
 
The electrochemical of SNG-G1BTD was studied by cyclic voltammetry in a 
CH2Cl2 solution using nBu4NPF6 (0.1 M) as electrolyte in a small cell of three 
electrode with a glassy carbon disk electrode as the working electrode, an Ag 
wire reference electrode and a Pt counter-electrode. The potential values are 
given versus the redox potential of the ferrocene/ferrocenium couple, which was 
used as an internal standard (Figure 57). 
 
Figure 57. Cyclic voltammogram of SNG-G1BTD in nBu4NPF6 in CH2Cl2 (0.1 mM). 
 The voltammogram show two reversible reduction processes at E1/2
I = –
0.962 and E1/2
II = –1.5 V, while no oxidation processes were observed within the 
sovent-electrolyte window. The E1/2
I appeared at more positive potentials than 
the first reduction process of SNG-G2 which confirm that the introduction of 
three thiadiazoles on the aromatic structure of SNG improved the energy levels 
and therefore is a promising approach for developing electron-deficient 
materials. 
 
3.8.4.2 Energy levels 
 
The LUMO energy level of SNG-G1BTD has been estimated from onset of the 
first reduction process with a valor of (ELUMO = –3.9 eV) (Figure 57), which 
increases in energy in comparison to SNG-G2 (ELUMO = –4.00 eV) due to 
incorporation of thiadiazoles moities. The optical energy gap (Eg
opt) of SNG-
G1BTD was estimated from absorption onset of the longest absorption 
wavelength with value of 1.98 eV (Figure 56a). The HOMO level was estimated 
from the difference between Eg
opt and ELUMO. The HOMO energy of (EHOMO = –
5.88 eV). 
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Table 8. Optoelectronic and electrochemical properties of SNG-G0, SNG-G1, SNG-G2 
and SNG-GG1BTD. 
SNGs 
λ 
(nm) 
λem 
(nm) 
λonset 
(nm) 
Eg
opt 
(eV) 
HOMO 
(eV) 
LUMO 
(eV) 
SNG-G0 428 443 446 2.78 
–6.02 –3.24 
SNG-G1 604 623 626 1.98 
–5.96 –3.98 
SNG-G2 605 623 629 1.97 
–5.97 –4.00 
SNG-G1BTD 
603 620 626 1.98 –5.88 –3.90 
 
The HOMO and LUMO energy levels are shown in Figure 58 
 
Figure 58. Energy levels of SNGs vs perovskite HOMO and LUMO energy. 
The experimental EHOMO and ELUMO values indicate that SNG-G1BTD 
shows energy LUMO level similar to perovskite (ELUMO = – 3.88 eV) (Figure 58). 
We demonstrated that the incorporation of benzothiadazole moieties as new 
end capped of SNG improved and optimised the energy levels for developing 
new ETM compounds. Therefore, SNG-G1BTD is very promising candidate to 
behave as electron-transporting and hole-blocking material for PSC 
applications. Triple-cation perovskite devices incorporating SNG-G1BTD as new 
ETM is been investigated. 
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3.9 Conclusions 
 
This chapter describes synthesis of highly soluble SNGs with diameters up to 
6.5 nm (55 condensed rings), which doubles those of the largest SNGs have 
been reported. Their synthesis has been achieved by a careful design and 
synthesis of a C3-symmetrical precursor from which the SNG core is then 
extended radially. 
Most importantly, this approach provides highly soluble SNGs, which has 
allowed their synthesis and purification by solution methods and also a full 
characterisation (1H and 13C NMR, HRMS, UV-vis, photoluminescence, cyclic 
voltammetry and TRMC) that show how the radial extension of the -system 
results in changes in their electronic absorption, molar absorptivity, 
photoluminescence and electrochemistry, while other properties remain almost 
invariable, such as the photoluminescence of the higher SNGs and the charge 
transport properties. The high molar absorptivity, low LUMO energies and φΣμ 
values illustrate the n-type semiconducting character and their potential in 
charge transport and energy conversion applications. 
To conclude, we foresee that by further improvement of energy levels 
using a new end capped into on SNG core (Figure 59), the performance of 
SNG-G1BTD based stable trithidiazole-capped star-shaped nitrogen-doped 
nanographene as promising electrons-transporting and hole-blocking material 
for PSC. The incorporation of SNG-G1BTD is planned and the results will be 
reported in due time. 
 
Figure 59. Energy levels of inverted PSC. 
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4.1 Introduction 
 
Singlet fission (SF) is a process in which a singlet excited stated (S1) splits into 
two triplet excited state (T1).
[48] In SF, two triplet excitons occur when the singlet 
excited state of chromophore share energy with the ground state of a nearby 
chromophore. Consequently, each of these two triplet excitons can generate an 
electron per photon absorbed, leading to triplet quantum yields (TQY) higher of 
100% (Figure 60). 
 
Figure 60. Singlet fission process. 
Recently, organic solar cells based on SF process have emerged as a 
promising technology in photovoltaics devices with PCEs beyond the Shockley-
Queisser limit of 33.7 % for a single junction device.[47, 49a, 51, 88] The generation 
of one extra exciton per absorbed photon could solve the loss extra energy via 
thermalization and therefore the theoretical power conversion efficiency limit 
could be increased up to 45% as consequence of a combination of SF material 
with a red absorber in a device.[89] 
SF had been observed in several families of polycyclic aromatic 
hydrocarbons (PAHs),[48a, 48c, 90] among which the acene family have shown a 
prominent position. Yet little is known about the factors that govern the SF 
mechanism. For this reason, acene dimers have become a fundamental 
playground to understand how structural and electronic factors, such as the 
nature of the spacer, the distance and the orientation, and the electronic 
coupling, influence the dynamics of the formation and decay of triplet 
excitons.[25g] 
SF efficiencies are known to increase with the number of linearly-fused 
rings, however the stability of acenes decrease in the same direction. The 
synthesis and characterisation of pentacene dimers have received a lot of 
attention[90a, 90b] because pentacene is the most stable of the higher acenes. 
This have led in the case of weakly coupled dimers to maximised TQY values of 
200%.[25g] Guldi et al. demonstrated that the interaction of a photoexcited 
chromophore with a ground-state chromophore in solution can give SF, more in 
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particular, in ortho-, meta- and para-TIPS-pentacene dimers shown in Figure 
61, being the meta-derivative that exhibited the best values of TQY. 
 
Figure 61. Chemical structure ortho-, meta- and para- TIPS-pentacene dimers. 
On the other hand, SF efficiencies depend of the formation of triplet 
exciton, avoiding any others non-radiative process. An important criterion for SF 
process is the precise design of the material. A potential approach to obtain 
more stable SF materials is the exchange of carbon atoms for nitrogen atoms in 
the acene in the framework (nitrogen-doping), it is possible to fine-tune their 
energy levels with the number and position of the nitrogen atoms[63, 82, 91] and 
therefore modulate electron affinities, ionization potentials, energy gaps, 
absorption and emission properties, among other properties. Bunz and co-
workers[92] reported that the introduction of nitrogen atoms into the core of TIPS-
pentacene (Figure 62) ensure the formation triplet excited states. As a result, 
the efficiency highly increases with fast dynamics and stable azaacenes with 
lower lying HOMO and LUMO levels.[92a] Nevertheless, SF studies in 
diazapentacene and tetraazapentacene films have shown that nitrogen-doping 
accelerates both the formation and the decay of the generated triplet excited 
states, the latter limiting our ability to harvest the triplets in a photovoltaic 
device. 
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Figure 62. Top: Chemical structure of TIPS-Pentacene, Diaza-TIPS-Pentacene and Tetra-
TIPS-Pentacene. Bottom: Kinetic model for the excited-stated dynamic of TIPS-pentacene and 
a table with a comparison of the time constants of the azaderivates.
[92a]
 
In addition, the stability of pentacene derivatives is limited[93] under the 
extensive illumination conditions something that can compromise the lifetime of 
the resulting solar cells.[25a, 89, 94] On this regard, tetracene has been 
investigated as an alternative since it shows triplet energies above the bandgap 
of silicon.[25a, 94] Dimers constituted by more stable tetracene derivatives have 
been have recently reported with TQY ≥100%.[58] 
Since the resulting azaacenes are more stable than the corresponding 
acenes and also their energy levels that can be tuned with the number and the 
position of nitrogen atoms. Nitrogenated polycyclic aromatic hydrocarbons (N-
PAHs) are receiving a great deal of attention as new alternative to design and 
synthesise organic semiconductors for a wide variety of applications.[60b] More 
in particular, nitrogenated pyrene-fused azacene[60] have emerged as a family of 
(N-PAHs) that combine linear annulations with periodic off-linear bisannulations 
that give rise to the fused pyrene residues. Nitrogenated pyrene-fused 
azacenes have shown a high stability as illustrated by the preparation of 
monodisperse nanoribbons with as many as 30 linearly-fused rings[46] and of 
polydisperse nanoribbons with ~80 linearly-fused rings.[95] Such enhanced 
stability is the result of the localization of sextets in the off-linear rings that 
Singlet Fission in Pyrene-Fused Azaacene Dimers 
 
80 
 
partially interrupts linear conjugation compartmentalizing the acene backbone in 
smaller and more stable tetracene acenic residues. 
As reference monomers were selected TIPS-dibenzodiazahexacene 
(DAM) and TIPS-dibenzotetraazahexacene (TAM) derivatives with TIPS 
acetylene substituents due to their tetracene electronic structure (highlighted in 
pink), their stability and solubility (Figure 63).  
 
Figure 63. Chemical structure of TIPS-Dibenzodiazahexacene DAM (left) and TIPS-
Dibenzotetraazahexacene TAM (right). 
In this chapter, it is described a new family of dimers constituted by 
nitrogen-doped pyrene-fused acenes that undergo SF efficiently with TQY as 
high as 125%. These series of regioisomeric dimers are constituted on one 
hand, by two TIPS-dibenzodiazahexacene and on the other hand, by two TIPS-
dibenzotetraazahexacene cores bridged by a phenylene bridge in an ortho-, 
meta- or para- substitution pattern (o-DAD, m-DAD and p-DAD, and o-TAD, m-
TAD and p-TAD, (Figure 64), which show the electronic structure of two weakly 
coupled diazatetracenes and tetraazatetracene (highlighted in pink) as the 
result of the localization of sextets in the off-linear pyrene rings (highlighted in 
sky blue). The SF efficiencies observed are unprecedented in azaacenes, and 
provide new perspectives in the design of materials for SF applications, for 
example organic solar cells based on SF. 
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Figure 64. Chemical structures of ortho-, meta- and para-TIPS-dibenzodiazahexacene dimers 
and ortho-, meta- and para-TIPS-dibenzotetraazahexacenes dimers. 
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4.2 Synthesis 
4.2.1 Synthesis of monomer (DAM) and ortho-, meta- and 
para-dimers (o-DAD, m-DAD and p-DAD) 
 
Dibenzoazahexacene (DAM) monomer was prepared by condensation of 2,7-
di-tert-butyl pyrene-4,5-dione[62] 3 and anthracenediamine D[63] in a good yield 
(56 %) . Precursors 3 and D were prepared from commercially available 
compounds in two and three steps, respectively reported in the literature 
(Scheme 8). 
 
Scheme 8. Synthesis of precursors 3,[62] D[63] and the monomer DAM. 
Dibenzodiazahexacene dimers (o-DAD, m-DAD and p-DAD) were 
synthesised following the route set out on Scheme 9. To obtain the intermediate 
dibenzodiazahaxacene core E we had to develop a new synthetic route with 
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pyrene as the starting point. The first step was the introduction of a tert-butyl 
group in position 2 of pyrene by Friedel-Crafts alkylation.[62] Then, 2-tert-
butylpyrene B was borylated on the 7 position through an iridium-catalysed 
reaction (63%). Subsequently, we carried out the oxidation of the K-region of 
pyrene using NaIO4 and RuCl3 as a catalyst in a good yield (53%), highlighting 
the broad functional group compatibility of this reaction. Also the 
cyclocondensation of dione C and anthracenediamine D[63] was very 
satisfactory (56%), yielding the asymmetric dibenzodiazahexacene E with a 
boronate ester that can be further engaged in cross-coupling reactions. Suzuki 
cross coupling reactions between E and diiodobenzene with conventional 
heating led to poor yields <7%. Conversely, the reactions with microwave 
heating led to higher yields in short reaction times. 
 
Scheme 9. Synthesis of dimers (o-DAD, m-DAD and p-DAD). 
Dimers o-DAD, m-DAD and p-DAD were obtained via microwave-
assisted Suzuki cross-coupling reaction between the precursor E with ortho-, 
meta and para-diiodobenzene affording respectively the desired ortho-, meta 
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and para compounds (25%, 45% and 23% for o-DAD, m-DAD and p-DAD, 
respectively). 
4.2.2 Synthesis of monomer (TAM).and ortho-, meta- and 
para- dimers (o-TAD, m-TAD and p-TAD) 
 
As reference, dibenzotetraazahexacene (TAM) monomer was prepared by 
condensation of 2,7-di-tert-butyl pyrene-4,5-dione[62] (3) and diamine derivative 
D.[64] Precursors 3 and D were obtained from commercially available 
compounds in two and four steps, respectively, starting from pyrene and 2, 3-
diamino-phenazine, previously reported in the literature (Scheme 10). 
 
Scheme 10. Synthesis of precursors 3
[62]
 D
[64]
 and of monomer (TAM). 
Dibenzotetraazahexacene dimers (o-TAD, m-TAD and p-TAD) were 
synthesised following the synthetic route showed on Scheme 11. Precursors C 
and diamino-derivative D can be obtained from commercially available 
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compounds in three and four steps, respectively, starting from pyrene and 2, 3-
diamino-phenazine, respectively. The synthesis of intermediate 
dibenzotetraazahexacene E´ has been carried out by cyclocondensation 
between dione C previously reported and diamino-derivative D[64] in a good 
yield (32%) yielding to new asymmetric dibenzotetraazahexacene E´ 
intermediate with a boronate ester that can be further engaged in Suzuki cross-
coupling reactions between E´ and diiodobenzene, under microwave heating 
conditions leaded to higher yields in short reaction times. Dimers o-TAD, m-
TAD and p-TAD were obtained via microwave-assisted Suzuki cross-coupling 
reaction between the precursor E´ with ortho-, meta and para-diiodobenzene 
affording respectively the desired ortho-, meta and para compounds (30%, 19% 
and 20% for o-TAD, m-TAD and p-TAD, respectively). 
Scheme 11. Synthesis of dimers (o-TAD, m-TAD and p-TAD). 
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4.3 Optoelectronic properties DAM, o-DAD, m-DAD and p-
DAD 
4.3.1 Absorption and fluorescence spectroscopy 
 
To shed light onto electronic interations between the two 
dibenzodiazahexacenes in the different dimers, we first turned to steady-state 
investigations in solvents with different polarity, namely toluene, THF and 
benzonitrile (Figure 65 and Figure 66). 
 
Figure 65. Absorption electronic spectra of a) DAM, b) o-DAD, c) m-DAD, d) p-DAD in toluene 
(Tol), THF and benzonitrile (BN). 
Similar absorption spectra were recorded for DAM, o-DAD, m-DAD, and 
p-DAD with a series of maxima in the high energy, that is, 300 to 425 nm, and 
the low energy, that is, 450 to 700 nm, ranges; they reflect transitions into 
second and first singlet excited state, respectively. From the absorption onset of 
the longest absorption wavelength were estimated the optical HOMO-LUMO 
gaps (Egap
opt). The (Egap
opt) of DAM, o-DAD, m-DAD and p-DAD are almost 
similar 1.86, 1.83 and 1.79 eV for toluene, THF and benzonitrile, respectively 
(Table 9). 
Singlet Fission in Pyrene-Fused Azaacene Dimers 
 
87 
 
 
Figure 66. Photoluminiecence electronic spectra of a) DAM, b) o-DAD, c) m-DAD, d) p-DAD in 
toluene (Tol), THF and benzonitrile (BN). 
The photoluminescence spectra also exhibited similar trend for DAM, o-
DAD, m-DAD and p-DAD with a maxima emission band closer to 650 nm, 
where the interactions are even more evident and more dependent on the 
solvent polarity. The vibrational fine structure as seen in toluene gradually 
disappears when examining THF and benzonitrile for DAM, o-DAD, m-DAD 
and p-DAD (Figure 66). The quantum yields also were calculated in toluene, 
THF, and benzonitrile, and are shown in the following Table 9. 
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Table 9. Optoelectronic properties of DAM, o-DAD, m-DAD, p-DAD in toluene (Tol), THF and 
benzonitrile (BN). 
 
λ 
(nm) 
λ onset 
(nm) 
Egap
opt 
(eV) 
 
M-1 cm-1 
Em 
(nm) 
QY 
(%) 
DAM_Tol 640 668 1.85 11715 659 25 
DAM_THF 641 673 1.84 14140 665 22 
DAM_BN 649 690 1.79 7500 681 16 
       
o-DAD_Tol 645 670 1.85 21940 662 13 
o-DAD_THF 645.5 677 1.83 21040 670 11.5 
o-DAD_Bn 653 690 1.79 15085 686 7.5 
       
m-DAD_Tol 647.5 671 1.85 21000 665 20 
m-DAD_THF 646 677 1.83 21600 670 18 
m-DAD_Bn 654 690 1.79 15560 686 11 
       
p-DAD_Tol 646 672 1.84 19435 662 19 
p-DAD_THF 646 678 1.83 21375 670 15 
p-DAD_THF 657.5 704 1.76 5700 686 10 
 
To understand better the optical properties, absorption and 
photoluminescence spectra of DAM, o-DAD, m-DAD and p-DAD were 
compared in toluene (Figure 67). 
 
Figure 67. a) Absorption and b) fluorescence (photoexcitation at 550 nm) spectra of o-DAD, m-
DAD, p-DAD and DAM.  
Between the 588 and 640 nm of the absorption spectra, maxima reveals 
that, on one hand, o-DAD, m-DAD, and p-DAD are red-shifted in comparison to 
DAM. The 478, 506, and 540 nm maxima are, on the other hand, blue-shifted in 
m-DAD, and p-DAD and red-shifted on o-DAD. 
The extinction coefficients increases in the dimers and are o-DAD 
(21940 M-1 cm-1) m-DAD (21000 M-1 cm-1), and p-DAD (19435 M-1 cm-1). 
However, the extinction coefficients are not doubled in comparison to that of the 
reference DAM. This speaks for electronic interactions in the ground state as 
seen for pentacene dimers.[25g] The optical HOMO-LUMO gaps (Egap
opt) are 
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almost identical 1.85, 1.85, 1.84 and 1.85, respectively for DAM, o-DAD, m-
DAD, and p-DAD in toluene (Egap
opt in different solvents are shown on Table 9). 
The photoluminescence spectra of o-DAD, m-DAD, and p-DAD appear 
slightly red-shifted in comparison the reference monomer DAM (Figure 67b). 
Moreover, o-DAD, m-DAD, and p-DAD all fluoresce, but with much lower 
quantum yields than DAM (25%) and are 13%, 20%, and 19% respectively, in 
toluene. The fluorescence quenching to the interactions between the two 
dibenzodiazahexacenes, which intensifies from o-DAD to p-DAD and m-DAD. 
 
4.4 Electrochemical properties of DAM, o-DAD, m-DAD and p-
DAD 
4.4.1 Cyclic voltammetry 
 
The electrochemical properties of DAM, o-DAD, m-DAD and p-DAD were 
studied by cyclic voltammetry in an Ar-saturated solution of CH2Cl2 using 
nBu4NPF6 as electrolyte in a small cell of three electrodes with a glassy carbon 
disk electrode as the working electrode, an Ag wire reference electrode and a 
Pt counter-electrode. The oxidation and reduction potentials are given versus 
the ferrocene/ferrocenium (Fc/Fc+) couple that was used as an internal standard 
(Figure 68). 
 
Figure 68. Cyclic voltammograms of o-DAD, m-DAD, p-DAD and DAM in an Ar-saturated 0.1 
M solution of nBu4NPF6 in CH2Cl2. 
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The voltammograms of all dimers and the reference monomer shows two 
reduction waves and one oxidation wave with no remarkable differences on the 
half-wave potentials (Figure 68). The half oxidation and reduction potentials 
processes are shown in the following Table 10. 
Table 10. Half oxidation and reduction potentials of DAM, o-DAD, m-DAD and p-DAD. 
 
E1/2
ox1 
(V) 
E1/2
red1 
(V) 
E1/2
red2 
(V) 
DAM +0.69 –1.27 –1.60 
o-DAD +0.73 –1.24 –1.59 
m-DAD +0.71 –1.21 –1.63 
p-DAD +0.69 –1.18 –1.55 
 
4.4.2 Energy levels 
 
The LUMO levels were estimated from onset of the first reduction potential 
(Figure 68) (ELUMO = –4.8–e(EONSET-E1/2
Fc)). The ELUMO of DAM, o-DAD, m-DAD 
and p-DAD are –3.62, –3.65, –3.66 and –3.68 eV, respectively. The HOMO 
levels were estimated from onset of the first oxidation potential (Figure 68) 
(EHOMO = –4.8–e(EONSET-E1/2
Fc)). The EHOMO were –5.39, –5.43, –5.40 and –5.42 
eV for DAM, o-DAD, m-DAD and p-DAD, respectively. The electrochemical 
energy gaps (Egap
CV) have been calculated from the difference between HOMO 
and LUMO levels with values of 1.77, 1.78, 1.74 and 1.74 eV for DAM, o-DAD, 
m-DAD and p-DAD, respectively, which correlate very well with the Egap
opt (~1.8 
eV). 
Table 11. Optoelectronic and electrochemical properties of DAM, o-DAD, m-DAD and p-DAD. 
Compounds 
λ 
(nm) 
λem 
(nm) 
λonset 
(nm) 
Egap
CV 
(ev) 
HOMO 
(eV) 
LUMO 
(eV) 
DAM 
640 650 668 
1.77 –5.39 –3.62 
o-DAD 
645 662 670 
1.78 –5.43 –3.65 
m-DAD 
647 665 675 
1.74 –5.40 –3.66 
p-DAD 
646 662 672 1.74 –5.42 –3.68 
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The HOMO and LUMO energy levels are shown in the Figure 69. 
 
Figure 69. Energy levels of DAM, o-DAD, m-DAD and p-DAD. 
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4.5 Optoelectronic properties of TAM, o-TAD, m-TAD and p-
TAD. 
4.5.1 Absorption and fluorescence spectroscopy 
 
To shed light onto electronic interations between the two 
dibenzotetraazahexacenes in the different dimers, absorption and fluorescence 
properties were investigated in solvents with different polarity, namely toluene, 
THF and benzonitrile (Figure 70 and Figure 71). 
 
Figure 70. Absorption electronic spectra of a) TAM, b) o-TAD, c) m-TAD, d) p-TAD in toluene 
(Tol), THF and benzonitrile (BN). 
Similar absorption spectra were recorded for TAM, o-TAD, m-TAD and 
p-TAD with a series of maxima bands in the high energy, that is, 300 to 400 nm, 
and the low energy, that is, 460 to 700 nm (Figure 70). From the absorption 
onset of the longest absorption wavelength were estimated the optical HOMO-
LUMO gaps (Egap
opt). The energy gaps (Egap
opt) of TAM, o-TAD, m-TAD and p-
TAD are almost similar 1.86, 1.86 and 1.84 eV for toluene, THF and 
benzonitrile, respectively (Table 12). 
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Figure 71. Photoluminiecence electronic spectra of a) TAM, b) o-TAD, c) m-TAD, d) p-TAD in 
toluene (Tol), THF and benzonitrile (BN). 
The photoluminescence spectra also exhibited similar trend for TAM, o-
TAD, m-TAD and p-TAD with a maxima emission band around of 660 nm, 
where the interactions are also dependent on the solvent polarity. As it can be 
seen in the Figure 71, the vibrational fine structure disappears gradually when 
increasing the polarity from toluene (Tol), THF to benzonitrile (BN). 
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Table 12. Optoelectronic properties of TAM, o-TAD, m-TAD and p-TAD in toluene (Tol), THF 
and benzonitrile (BN). 
 
λ 
(nm) 
λonset 
(nm) 
Egap
opt 
(eV) 
 
M-1 cm-1 
Em 
(nm) 
TAM_Tol 639 666 1.86 11920.99 654 
TAM_THF 636 663 1.86 14673.62 653 
TAM_BN 645 674 1.84 11296.28 662 
      
o-TAD_Tol 642 666 1.86 21650.40 657 
o-TAD_THF 639 666 1.86 20663.45 655 
o-TAD_Bn 646 672 1.84 17872.74 664 
      
m-TAD_Tol 642 666 1.86 16403.26 657 
m-TAD_THF 639 665 1.86 13128.74 655 
m-TAD_Bn 646 672 1.84 13670.73 664 
      
p-TAD_Tol 642 665 1.86 23759.51 657 
p-TAD_THF 639 665 1.86 25953.23 655 
p-TAD_THF 647 674 1.84 19825.33 664 
 
To understand better the optical properties, absorption and 
photoluminescence spectra of TAM, o-TAD, m-TAD and p-TAD were 
compared in toluene (Figure 72). 
 
Figure 72. a) Absorption and b) fluorescence spectra of o-TAD, m-TAD, p-TAD and TAM. 
At the region between 450 and 610 nm of the absorption spectra, a set of 
maxima bands are, on one hand, blue-shifted in m-TAD and p-TAD and red-
shifted on o-TAD in comparison to TAM. However, the longest absorption 
maxima bands of o-TAD, m-TAD and p-TAD show a maxima absorption band 
identical at 642 nm and appear bathochromically shifted of the monomer TAM 
that shows the longest absorption band at 639 nm (Figure 72a). 
In addition, the molar absorptivity () increases in the dimers with values 
for o-TAD (21650.40 M-1 cm-1), m-TAD (16403.26 M-1 cm-1) and p-TAD 
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(23759.51 M-1 cm-1) and are not doubled in comparison to that of the reference 
TAM (11920.99 M-1 cm-1). 
The photoluminescence spectra of o-TAD, m-TAD, and p-TAD appear 
slightly red-shifted with the reference monomer TAM (Figure 72b). The 
photoluminescence spectrum of o-TAD exhibits the lower area of emission 
spectrum of this series of dibenzotetraazahexacenes dimers as expected. The 
fluorescence in dibenzotetraazahexacenes decreases due to the introduction of 
two nitrogen atoms more into of each chromophore in comparison to 
dibenzodiazahexacenes. However, the interactions between the two 
dibenzotetraazahexacenes intensified the fluorescence from o-DAD to TAM, 
TAM to p-DAD and m-DAD (Figure 72b). 
 
4.6 Electrochemical properties of TAM, o-TAD, m-TAD and p-
TAD. 
4.6.1 Cyclic voltammetry 
 
The electrochemical properties of TAM, o-TAD, m-TAD and p-TAD were 
studied by cyclic voltammetry in an Ar-saturated solution of CH2Cl2 using 
nBu4NPF6 as electrolyte in a small cell of three electrodes with a glassy carbon 
disk electrode as the working electrode, an Ag wire reference electrode and a 
Pt counter-electrode (Figure 73). 
 
Figure 73. Cyclic voltammograms of o-TAD, m-TAD, p-TAD and TAM in an Ar-saturated 0.1 M 
solution of nBu4NPF6 in CH2Cl2. 
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The voltammograms only show reduction processes, while no oxidation 
processes were observed within the solvent-electrolyte window. The reduction 
potentials are given versus the ferrocene/ferrocenium (Fc/Fc+) couple that was 
used as an internal standard (Figure 73). The voltammograms of all dimers and 
the reference monomer show two reduction waves with no remarkable 
differences on the half-wave potentials (Figure 73). The half reduction potentials 
processes are shown in the following Table 13. 
Table 13. Half reduction potentials of TAM, o-TAD, m-TAD and p-DAD. 
 
E1/2
red1 
(V) 
E1/2
red2 
(V) 
TAM –0.93 –1.36 
o-TAD –0.89 –1.31 
m-TAD –0.86 –1.27 
p-TAD –0.90 –1.27 
 
4.6.2 Energy levels 
 
The optical HOMO-LUMO gaps (Egap
opt) have been estimated from the 
absorption onset of the longest absorption wavelength of the spectra (Figure 
72a). The (Egap
opt) of TAM, o-TAD, m-TAD and p-TAD exhibit the same value 
of 1.86 eV. The LUMO levels were estimated from onset potential of the first 
reduction potential of the cyclic voltammograms (Figure 73) (ELUMO = –4.8–
e(EONSET-E1/2
Fc)). The ELUMO values of TAM, o-TAD, m-TAD and p-TAD are –
3.98, –4.03, –4.06 and –4.06 eV, respectively. The HOMO energy levels EHOMO 
have been calculated from the difference between ELUMO and energy optical gap 
(Egap
opt). The EHOMO were –5.84, –5.89, –5.91 and –5.91 eV for TAM, o-TAD, 
m-TAD and p-TAD, respectively. 
Table 14. Optoelectronic and electrochemical properties of DAM, o-DAD, m-DAD and p-DAD. 
Compounds 
λ 
(nm) 
λem 
(nm) 
λonset 
(nm) 
Egap
opt 
(ev) 
HOMO 
(eV) 
LUMO 
(eV) 
TAM 
639 654 666 
1.86 –5.84 –3.98 
o-TAD 
642 657 666 
1.86 –5.89 –4.03 
m-TAD 
642 657 666 
1.86 –5.91 –4.06 
p-TAD 
642 657 665 1.86 –5.91 –4.06 
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The HOMO and LUMO energy levels are shown in Figure 74. 
 
Figure 74. Energy levels of TAM, o-TAD, m-TAD and p-TAD. 
Since the HOMO and LUMO levels can be tuned with the number and 
the position of the nitrogen atoms. The ELUMO of dibenzotetraazahexacenes 
TAM, o-TAD, m-TAD and p-TAD are 0.36 ~ 0.4 eV lower than the 
dibenzodiazahexacenes DAM, o-DAD, m-DAD and p-DAD (Figure 75), that is 
consistent with the two additional N atoms embedded in the aromatic framework 
and therefore dibenzotetraazahexacenes are more stable and show more 
character n-type semiconductor than the corresponding 
dibenzodiazahexacenes compounds. 
 
Figure 75. Energy levels of dibenzodiazahexacene and dibenzotetraazahexacene compounds. 
Singlet Fission in Pyrene-Fused Azaacene Dimers 
 
98 
 
4.7 Time-resolved measurements  
 
In Erlangen, Germany, by a collaboration with the group of Prof. Dr. Guldi, SF 
properties of dibenzodiazahexacenes (DAM, o-DAD, m-DAD and p-DAD) were 
investigated in solvents with different polarity, namely toluene and benzonitrile. 
Femtosecond (fs-TAS) and nanosecond transient absorption (ns-TAS) 
measurements were performed to gather a more detailed understanding of the 
excited state reactivity. 
Fs-TAS pump/probe measurements were carried out with excitation 
wavelengths of 480 and 505 nm using transient absorption system (Figure 76). 
Fs-TAS shows the transition from initially formed singlet excited state (S1S0), to 
a solvent stabilised singlet excited state (S1S0)SOL, which is illustrated by the 
shifts of the transients in the NIR. Both dimers and monomer show the same 
behavior on transitions. 
 
Figure 76. Helios Femtosecond Transient Absorption Spectrometer Spectrofluorimeter Ultrafast 
Systems. 
 On the other hand, ns-TAS shows the different transitions from the 
solvent stabilised singlet excited state (S1S0)SOL, to the triplet excited states 
1(T1T1) and (T1+T1). In addition, fluorescence lifetimes were determinated by 
time-correlated singlet photon couting (TCSPC) and determine the lifetimes of 
the respective states from the fs-TAS and ns-TAS measurements (see in Annex 
II Figure 166-Figure 169 and Table 18). 
Fitting the differential absorption data with the combination 480 and 505 
nm lasers and target analyses sheds light onto lifetimes, quantum yields, and 
species associated spectra (SAS). 
In the case of DAM (Figure 77a-b and see in Annex III Figure 170-Figure 
173), 505 nm excitation experiments are best fit by a kinetic model that is based 
on the sequential formation of three species, namely (S1), (S1)SOL, and (T1) 
(Figure 77c and see in Annex III Table 19). TQYs are of 12% and 8% for DAM 
in toluene and benzonitrile were respectively obtained. It should be mentionated 
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that the lifetime of (S1)sol is shorter in the more polar solvents than in the more 
apolar solvents. To establish the triplet excited state features, we turned to 
triplet-triplet energy-transfer experiments using N-methylfulleropyrrolidine (N-
MFP, 8.0 x 10-5 M) as a triplet sensitizer using 480 nm (800 nJ) photoexcitation 
(see in Annex IV Figure 189-Figure 192). 
 
Figure 77. a) Deconvoluted fs-TA spectra of the singlet excited (S1) (black) and the stabilised 
singlet excited state (S1)SOL (red) of DAM as obtained by target analysis in toluene b) 
Deconvoluted ns-TA spectra of the stabilised singlet excited (S1)SOL (black) and the triplet 
excited state (T1) (red) of DAM as obtained by target analysis in toluene c) Kinetic model used 
to fit the transient absorption data for DAM. 
Fitting the fs-TAS and ns-TAS data of m-DAD (Figure 78a-b and see in 
Annex III Figure 175-Figure 178) required the use of a four species kinetic 
model (Figure 78c and see in Annex III Table 20). After excitation at 505 nm, 
the singlet excited (S1S0) state undergoes solvent reorganization to afford 
(S1S0)SOL that transforms quickly and directly into a correlated triplet excited 
1(T1T1) state. The last step in the sequence is spin decoherence that results in 
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the uncorrelated triplet excited (T1+T1) state (Figure 78c). TQYs for 
1(T1T1) and 
(T1+T1) are 70% and 27% in toluene and 30% and 32% in benzonitrile, 
respectively. 
 
Figure 78. a) Deconvoluted fs-TA spectra of the singlet excited (S1S0) (black) and the stabilised 
singlet excited state (S1S0)SOL (red) of m-DAD as obtained by target analysis in toluene b) 
Deconvoluted ns-TA spectra of the stabilised singlet excited (S1S0)SOL (black), the singlet 
correlated triplet state 
1
(T1T1) (red), and the uncorrelated triplet excited state (T1+T1) (blue) of m-
DAD as obtained by target analysis in toluene c) Kinetic model used to fit the transient 
absorption data for m-DAD. 
 o-DAD and p-DAD show similar behavior of fs-TAS / ns-TAS. Fitting the 
fs-TAS / ns-TAS data for o-DAD (Figure 79a-b and see in Annex III Figure 180-
Figure 183 and Table 21) and p-DAD (see in Annex III Figure 185-Figure 188 
and Table 22) necessitated the modifications of the deactivation mechanism 
(Figure 79c). In this case, (S1S0)CT, which is a virtual intermediate in m-DAD, 
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becomes a real intermediate in o-DAD and p-DAD. In turn, a five species 
kinetic model is applied. 505 nm excitation leads to the instantaneous formation 
of (S1S0) followed by solvent reorganization. The correspondingly formed 
(S1S0)SOL transitions in a parallel fashion to 
1(T1T1); a fast and direct pathway, 
on one hand, as well as a slow and indirect pathway. Implicit in the indirect 
pathway is (S1S0)CT as a real intermediate en-route towards 
1(T1T1); this is the 
extra species relative to the kinetic model used for m-DAD. 1(T1T1) TQYs in 
toluene of 125% and 82% for o-DAD and p-DAD, respectively, corroborate SF 
in the deactivation of them. Increasing the polarity leads along with shorter 
lifetimes to lower TQYs of 92% for o-DAD and 35% for p-DAD.  
 
Figure 79. a) Deconvoluted fs-TA spectra of the singlet excited (S1S0) (black), and the stabilised 
singlet excited state (S1S0)SOL (red) of o-DAD as obtained by target analysis in toluene b) 
Deconvoluted ns-TA spectra of the stabilised singlet excited state (S1S0)SOL (black), the 
intermediate CT-state (S1S0)CT (red), the singlet correlated triplet state 
1
(T1T1) (blue), and the 
uncorrelated triplet excited state (T1+T1) (green) of o-DAD as obtained by target analysis in 
toluene c) Kinetic model used to fit the transient absorption data for o-DAD and p-DAD. 
 The immediate outcome of using benzonitrile is an energetic lowering of 
the real intermediate (S1S0)CT. As a matter of fact, we note that this pathway 
intensifies from 50% in toluene to 70% in benzonitrile. In addition, the 
Singlet Fission in Pyrene-Fused Azaacene Dimers 
 
102 
 
equilibrium between (S1S0)CT and 
1(T1T1) is heavily shifted towards the former 
rather than the latter and, in turn, the direct deactivation is favoured. TQYs of 
(T1 + T1) remain in all cases at around 30%. The TQYs for 
1(T1T1) of DAM, o-
DAD, m-DAD and p-DAD in toluene (Tol) and benzonitrile (BN) are shown in 
the following Table 15. 
Table 15. TQYs for 
1
(T1T1) of DAM, o-DAD, m-DAD and p-DAD in toluene (Tol) and 
benzonitrile (BN). 
Compounds 
TQY 1(T1T1) 
(TOL) / % 
TQY 1(T1T1) 
(BN) / % 
DAM 12 8 
o-DAD 125 92 
m-DAD 70 30 
p-DAD 82 35 
 
A likely rationale for higher 1(T1T1) TQYs in o-DAD and p-DAD is the 
directing nature of ortho- and para-substitution and, as such, the better 
electronic communication between tetracenes. Stronger coupling must be also 
responsible for the fact that the intermediate (S1S0)CT state is only observable in 
o-DAD and p-DAD, while it is a virtual state in m-DAD. Finally, the close spatial 
proximity between the two dibenzoazahexacenes in o-DAD results in an 
increase of electronic communication and enables the highest TQYs. 
TCSPC, Fs-TAS and ns-TAS measurements of dibenzotetraazahexacenes 
are been investigated. 
  
Singlet Fission in Pyrene-Fused Azaacene Dimers 
 
103 
 
4.8 Computational studies 
 
These experimental results were rationalised with theoretical computational 
calculations that were carried out in collaboration with Prof. Dr. Manuel Melle-
Franco in the Department of Chemistry (CICECO Institute of Materials) at 
University of Aveiro. 
Theoretical computational calculations predicted a similar trend to the 
experimental results. In addition, the simulations illustrate how the direct contact 
between tetracene units in o-DAD has a strong effect on the S0S2 transition 
(Figure 80), which combines contributions with a sizable Charge Transfer (CT) 
character due to the transfer of charge between the two different aromatic 
tetracene moieties and therefore the two tetracene units are in close contac, 
while in the case of m-DAD and p-DAD two tetracene units are spatially 
decoupled. 
 
S0S1  S0S1’  S0S2  S0S2’ 
2.09    2.10  2.60  2.65 
(LE)   (LE)  (CT)  (CT) 
Figure 80. Electrons (top) and holes (bottom) for the first four transitions of the o-DAD-H model 
molecule (this is a model system in which the TIPS and tert-butyl groups have been exchanged 
by H) at the M06-2X-toluene-6-311+g(2d,p)/PBEh-3c level from NTO analysis showing Local 
Excitations (LE) and Charge Transfer excitations (CT).  
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4.9 A novel ortho-dibenzodiazahexacene carboxylate dimer 
for organic solar cell based on SF 
4.9.1 Introduction 
 
Organic solar cells based on SF have emerged as a promising potential 
technology in photovoltaic. To date, the integration of SF materials in solar cell 
devices have achieved external quantum efficiencies (EQEs) higher of 100 % 
with an internal TQY close 200 % using dimers of pentacene.[96] However, the 
stability of the pentacene dimers due to illumination conditions limits the lifetime 
of these materials in photovoltaic application. For this reason, the exploration of 
new azaacene dimers as new materials such as pyrene-fused pyrazaacenes 
(PPA) have shown a lot of interest in the area of solar cell based on SF. 
In this chapter, dimers constituted by stable nitrogenated pyrene-fused 
azaacene have been investigated and have shown TQY > 100%, especially 
was observed in ortho dibenzodiazahexacene dimer (o-DAD) with TQY as high 
as 125%. SF efficiencies are unprecedented in azaacenes derivatives and 
provide the design of new materials for solar cell based on SF. 
To incorporate these materials in solar cells it is necessary to put an 
anchor group. Anchor groups are necessary so that it can interact/stick on the 
semiconductor surface (TiO2). As consequence, a novel ortho-
dibenzodiazahexacene carboxylate dimer (o-DADCOOH) has been 
synthesized. o-DADCOOH is constituted by two dibenzodiazahexacene cores 
bridged by phenylene bridge in otho substitution with carboxylic acid able to 
anchor in the device. Solar cells based on SF incorporating o-DADCOOH 
(Figure 81) as new SF material are been investigated in a collaboration with the 
group of Prof. Dr. D. Guldi in Erlangen (Germany). 
 
Figure 81. Chemical structure of o-DADCOOH for solar cells based on SF. 
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4.9.2 Synthesis 
 
Dibenzodiazahexacene dimer o-DADCOOH has been synthesised following 
the synthetic route shown on the Scheme 12. Precursors C obtained in three 
steps from pyrene as starting material and D prepared from commercially 
available compounds reported in the literature (previously mentioned, see 
Scheme 9). The cyclocondensation of dione C and anthracenediamine D[63] led 
to the asymmetric dibenzodiazahexacene E with a boronate ester able for 
cross-coupling reactions. Dimer o-DADCOOH was obtained via microwave-
assisted Suzuki cross-coupling reaction between the asymmetric 
dibenzodiazahexacene E with ortho- 3,4-dibromobenzoic acid that was 
commercially available, leading to the desired compound in a good yield (45 %). 
 
Scheme 12. Synthesis of dimer o-DADCOOH. 
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4.10 Conclusions 
 
This chapter describes synthesis and full characterisation of two series of three 
different regioisomeric ortho-, meta- and para-TIPS-dibenzodiazahexacenes 
and TIPS-dibenzotetraazahexacenes dimers. 
The optoelectronic (UV-vis absorption and photoluminescence) and 
electrochemical properties have shown p-type semiconducting character for 
dibenzodiazahexacenes dimers and n-type semiconducting character for 
dibenzotetraazahexacenes dimers and their potential in organic electronic 
application. 
 In addition, femtosecond (fs-TAS) and nanosecond transient absorption 
(ns-TAS) measurements reveal how the enhanced electronic communication in 
o-DAD (Figure 82) gives rise to a TQY> 100% and a detailed SF mechanistic 
insight for pyrene-fused azaacenes that remain practically unexplored in SF. 
 
Figure 82. Chemical structure of o-DAD as promising material for solar cell applications. 
 To conclude, these results illustrate that introduction of nitrogen atoms 
and the proximity coupling through bond or space diazaacenes are interesting 
approaches to develop and design more stable acenes. In particular, 
nitrogenated pyrene-fused acenes have been investgated as new materials with 
enhanced properties for SF with potential in energy applications, in which the 
triplet energy and the stability of this alternative are better suited for use in 
organic solar cell. For this reason, it is described the synthesis and 
characterisation by (1H NMR and 13CNMR spectroscopy and HRSM) of a novel 
dibenzodiazahexacene dimer with carboxylic acid able to anchor in the device 
(o-DADCOOH) with potential in organic solar cell. 
 
  
 
 
 
 
 
Conclusions 
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This doctoral thesis focused mainly on the synthesis and characterisation of 
new materials for emerging photovoltaic and electronic technologies. 
The second chapter describes synthesis and studies of a series of 
materials based on a bi-p-phenylene unit which was planarised by the 
incorporation of tetraketal moieties. Those bi-p-phenylenes were further 
substituted with either biphenylamine or triphenylamine substituents, which 
increased the solubility and show optimal energy levels (Figure 83) to be 
applied as hole-transporting materials (HTMs) in perovskite solar cell (PSC) 
applications. 
 
Figure 83. Energy levels of bi-p-phenylenes JP-01 and JP-02 and quart-p-phenylenes JP-03 
and JP-04 vs spiro-OMeTAD. 
 
Figure 84. JP-04 as novel molecular hole-transporting material comparable to spiro-OMeTAD. 
Triple-cation perovskite devices incorporating JP-04 show power-
conversion efficiencies, short circuit currents, open circuit voltages, and fill 
factors that are comparable to those of devices with spiro-OMeTAD (Figure 84). 
In addition, a new family of giant star-shaped nitrogen-doped 
nanographenes (SNGs) with diameters up to 6.5 nm (Figure 85) has been 
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reported in the third chapter. The synthesis has been achieved by a careful 
design and synthesis of a C3-symmetrical precursor from which the SNG core is 
then extended radially. 
 
Figure 85. The structure of SNG-G0, SNG-G1 and SNG-G2. 
The high solubility of SNGs in neutral organic solvents at room 
temperature has allowed a complete structural, optoelectronic and 
electrochemical characterisation. To conclude, the high molar absorptivity, low 
LUMO energies and conductivity illustrate the n-type semiconducting character 
and their potential in charge transport and energy conversion applications. 
The last chapter describes synthesis of two new family of regioisomeric 
di and tetraazatetracene dimers constituted of two dibenzoazahexacene units 
linked by a phenylene ring in ortho-, meta- and para-position. 
In o-DAD the two tetracene units are in close contact, while in the case 
of m-DAD and p-DAD the two tetracene units are spatially decoupled, as 
demonstrated by a combination of electronic absorption and photoluminescence 
measurements and theoretical calculations. Femtosecond (fs-TAS) and 
nanosecond transient absorption (ns-TAS) measurements reveal how the 
enhanced electronic communication in o-DAD gives rise to a triplet quantum 
yield TQY˃100% (Figure 86). 
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Figure 86. Chemical structure of o-DAD as promising material for electronic applications. 
This study provides new application perspectives for pyrene-fused 
azacenes, but also for the design of new materials with enhanced properties for 
singlet fission, in which the triplet energy and the stability are better suited for 
use in solar cells. 
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Synthesis and characterisation 
 
Commercial chemicals and solvents were used as received. 
 
Analytical thin layer chromatography (TLC) was carried out using aluminum 
sheets (20x20 cm) pre-coated with silica gel RP-18W 60 F254 from Merck. 
 
Column chromatography was carried out using Silica gel 60 (40-60 μm) from 
Scharlab. 
 
NMR spectra in solution were recorded on a Bruker Avance 400 MHz or 500 
MHz spectrometer at 298 K using partially deuterated solvents as internal 
standards. 
 
High Resolution Matrix Assisted Laser Desorption Ionization (coupled to a 
Time-Of-Flight analyzer) Mass Spectrometry experiments were recorded in 
Biomagune in a Ultraflex III (Bruker Daltonics) MALDI-ToF (frequency-tripled 
(355 nm) Nd:YAG laser) by Dr. Javier Calvo. Matrix Assisted Laser Desorption 
Ionization (coupled to a Time-Of-Flight analyzer) experiments MALDI-TOF) 
were recorded on Bruker REFLEX spectrometer in POLYMAT by Dr. Estíbaliz 
González de San Román Martín. 
 
Thermal gravimetric analysis carried out on a Mettler Toledo TGA /SDTA 851 in 
a sealed in an aluminium pan, and measured at a heating rate of 10 ºC min-1 
under a nitrogen flow. 
 
X-ray single crystal diffraction experiments were performed by the X-ray 
diffraction unit of General Services SG-Iker (UPV/EHU) by Dr. Leire San 
Felices. Intensity data were collected on an Agilent Technologies Super-Nova 
diffractometer, which was equipped with monochromated Cu kα radiation (λ= 
1.54184 Å) and Atlas CCD detector. Measurement was carried out at 
150.00(10) K with the help of an Oxford Cryostream 700 PLUS temperature 
device. Data frames were processed (united cell determination, analytical 
absorption correction with face indexing, intensity data integration and 
correction for Lorentz and polarization effects) using the Crysalis software 
package. The structure was solved using Olex2 and refined by full-matrix least-
squares with SHELXL-97. Final geometrical calculations were carried out with 
Mercury and PLATON as integrated in WinGX.  
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Steady-state electronic absorption 
 
Absorption spectra were recorded on a Perkin-Elmer Lambda 950 
spectrometer. 
 
Photoluminescence 
 
Photoluminescence spectra were recorded on a LS55 Perkin-Elmer 
Fluorescence spectrometer. 
 
Electrochemistry 
 
Electrochemical measurements were carried out on a Princeton Applied 
Research Parstat 2273 in a 3-electrode single compartment cell with glassy 
carbon disc working electrode, a platinum wire counter electrode and a silver 
wire pseudoreference electrode. All the potential values are reported versus the 
redox potential of the ferrocene/ferrocenium couple. 
 
Construction and testing of perovskite solar cells  
The construction and testing of perovskite solar cells were carried out by Dr 
Silvia Collavini in Lausanne, Switzerland, in collaboration with the group of Prof. 
Dr. Juan Luis Delgado and Prof. Dr. Michael Grätzel. 
- Substrate preparation  
FTO/Glass 10 Ω/sq was cleaned by sonication in 2% Hellmanex water solution 
for 15 min. After rinsing with deionised water, the substrates were further 
sonicated in ethanol for 15 min, and finally in acetone for the same amount of 
time. After a 15 min UV-ozone treatment, a TiO2 compact layer was sprayed on 
FTO/Glass at 450 °C from a precursor solution of 600 µl titanium diisopropoxide 
bis(acetylacetonate) and 400 µl acetylacetone in 9 ml ethanol. After the 
deposition, the substrates were sintered at 450 °C for 30 min and left to cool 
down to room temperature. Then, mesoporous TiO2 layer was deposited by 
spin coating for 10 s at 4000 rpm, using 30 nm particle paste (Dyesol 30 NR-D) 
diluted in ethanol (150 mg ml-1). After the spin coating, the substrates were 
sintered with a heating ramp up to 450°C, at which they were left for 30 min 
under dry air flow. Right before perovskite deposition, mesoporous TiO2 
underwent Li-doping treatment, by spin coating a 10 mg ml–1 solution of Li-TFSI 
in acetonitrile at 3000 rpm for 10 s. The substrate was sintered again, the same 
way as before. After cooling down to 150°C the substrates were immediately 
transferred in a nitrogen atmosphere glove box to deposit the perovskite films. 
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- Perovskite precursor solution and film preparation  
The perovskite films were deposited from a precursor solution containing FAI (1 
M), PbI2 (1.1 M), CsI (0.05 M), MABr (0.2 M) and PbBr2 (0.22 M) in anhydrous 
DMF:DMSO 4:1 (v:v). The perovskite solution was spin coated in a two-step 
program at 1000 and 5000 rpm for 10 and 20 s, respectively. During the second 
step, 150 μl of chlorobenzene were poured on the spinning substrate 5 s prior 
the end of the program. The substrates were then annealed at 100°C for 45 min 
in the glove box.  
- Hole-transporting layer and top electrode  
After the perovskite annealing the substrates were cooled down for few minutes 
and spiro-OMeTAD (Solarpur, 70 mmol in chlorobenzene) or JP-04 (15, 20 or 
30 mmol in chlorobenzene) were spun at 4000 rpm for 20 s. Both molecules 
were doped with bis(trifluoromethylsulfonyl)imide lithium salt (Li-TFSI, Sigma-
Aldrich), tris(2-(1H-pyrazol-1-yl)-4-tert-butylpyridine)cobalt(III) 
tri[bis(trifluoromethane)sulfonimide] (FK209, Dynamo) and 4-tert-butylpyridine 
(TBP, Sigma-Aldrich). The molar ratio of additives with respect to the HTM were 
0.5, 0.05, and 3.3 for Li-TFSI, FK209, and TBP respectively. The device was 
completed by a gold top electrode.  
 
Time-resolved microwave conductivity (TRMC) 
 
The pseudo-photoconductivity SNG-G0, SNG-G1, and SNG-G2 were studied in 
collaboration by Prof. Dr. Akinori Saeki at Osaka University. A film on a quartz 
substrate was set in a resonant cavity and probed by continuous microwaves at 
~9.1 GHz. The third harmonic generation (THG; 355 nm) of an Nd:YAG laser 
(Continuum Inc., Surelite II, 5-8 ns pulse duration, 10 Hz) was used as an 
excitation source (incident photon density, I0 = 9.1 × 1015 photons cm-2 pulse-
1). The photoconductivity transient Δσ was converted to the product of the 
quantum yield (φ) and the sum of the charge carrier mobilities, Σμ = (μh + μe) by 
φΣμ = Δσ(eI0Flight)
-1, where e and Flight are the unit charge of a single electron 
and the correction (or filling) factor, respectively. 
 
Calculations 
 
The theoretical computational calculations were carried out in collaboration with 
Prof. Dr. Manuel Melle-Franco in the Department of Chemistry (CICECO 
Institute of Materials) at University of Aveiro. The quart-p-phenylene JP-04 was 
studied by time-dependent density functional theory (TD-DFT) in CH2Cl2 with 
the B3LYP Hamiltonian with a 6-311+g(2d,p) basis set on minimised 
geometries at the B3LYP-CH2Cl2-6-31(d,p) level. Semiempirical quantum 
mechaniscs were used to investigated the structure of SNGs with the GFN-xTB 
method (geometry, frequency, non-covalent, extended tight-binding) that allows 
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computing efficiently high molecular weight systems with thousands of atoms. 
[46, 86, 97] In fact, time-dependent density functional theory (TD-DFT) were 
computed with the 6-31g (d) basis set with the B3LYP Hamiltonian for SNH-G0-
H, SNG-G1-H, and SNG-G2-H, in which the TIBS groups on the acetylenes have 
been replaced by H atoms in order to reduce the calculation time owing to the 
large size of the SNGs. Two models were considered, the full model, where 
electronic properties were computed with the B3LYP Hamiltonian in vacuum 
with the 6-311+g(2d,p) basis set, and a reduced model (this is a model system 
in which the TIPS and tert-butyl groups have been exchanged by H) that were 
optimised at the B3LYP-6-31g(d,p) level with all heavier atoms fixed. For these 
‘cut’ systems, different basis sets were tried in toluene and vacuum with the 
M06-2X and B3LYP Hamiltonians. In addition, we computed the vertical 
excitation energies for o-DAD computed at the NEVPT2(8,8)/def-SV(P) theory 
level with the auxiliary basis set def2/JK basis set in conjunction with the RI-JK 
approximation for 20 states: 10 singlets and 10 triplets. Orca 4.1.0 was used for 
the CASSCF and PBEh-3c,[98] while the other DFT models were computed with 
Gaussian 09. 
 
Time-correlated single photon counting (TCSPC) 
 
Fluorescence lifetimes were carried out together with Ilias Papadopoulos and 
Dominik Thiel in Erlangen (Germany) by collaboration with the group of Prof. Dr. 
Guldi. Fluorescence were determined by the time-correlated single photon 
counting (TCSPC) technique using a FluoroLog3 emission spectrometer 
(Horiba JobinYvon) equipped with an R3809U-58 MCP (Hamamatsu) and an 
EXW-6 (NKT) SuperK Extreme highpower supercontinuum fiber laser with 
excitation at 505 nm (150 ps fwhm). 
 
Transient absorption spectroscopy 
 
Femtosecond transient absorption (TA) experiments were carried out together 
with Ilias Papadopoulos and Dominik Thiel in Erlangen (Germany) by 
collaboration with the group of Prof. Dr. Guldi. fs-TAS data were investigated 
with an amplified Ti:sapphire CPA-2110 fs laser system (Clark MXR: output 775 
nm, 1 kHz, 150 fs pulse width) using transient absorption pump/probe detection 
systems (Helios and Eos, Ultrafast Systems) with argonpurged solutions. The 
480 and 505 nm excitation wavelengths, with energies of 800 and 400 nJ, 
respectively, were generated with a noncolinear optical parametric amplifier 
(NOPA, Clark MXR).  
Data evaluation of the fs- and ns-TAS data has been conducted by 
means of multiwavelength and Glotaran target analysis. Glotaran target 
analysis was performed on the TA data sets using the proposed kinetic models. 
The analytical solution to the coupled differential equations that describe the 
kinetic model is convoluted with a Gaussian instrument response function. After 
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the least-squares fitting has converged, the raw data matrix is deconvoluted 
using the specific solution to the kinetic model and parameters from the fit to 
obtain the species-associated spectra and their populations as a function of 
time. 
 
Triplet quantum yield (TQY) determination  
 
The TQY determination was carried out by Ilias Papadopoulos and Dominik 
Thiel in Erlangen (Germany) by collaboration with the group of Prof. Dr. Guldi. 
TQYs were performed by using the normalization of the spectra during the 
ground state bleaching using Glotaran target analysis as found in the 
literature.[25b, 25d-f]ref In short, this approach is based on certain assumptions: (1) 
the singlet excited state is delocalised over the entire molecule, thus bleaching 
both dibenzodiazahexacene units; (2) a single triplet excited state likewise 
bleaches the entire ground state singlet transition; (3) no overlying/additional 
features are located in the ground state bleaching area, in this case at roughly 
380 nm, which allows one to normalize the triplet excited state spectra relative 
to the singlet excited state ones; and (4) two triplet excited states on the dimer 
lead to a bleaching twice that of a single one. By combining these criteria and 
the kinetic model in a Glotaran target analysis, one is able to determine the 
efficiency and rate constant of each transition. In the context of the TQY, all 
transitions prior to the formation of 1(T1T1) contribute to its overall yield. 
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Synthesis (chapter 2) 
 
Synthesis of bi-p-phenylene JP-01 
 
A Schlenk flask charged with [Pd(PPh3)4] (9.97 mg, 0.00864 mmol, 0.12 eq) and 
Tri-terc-butylphosphine (0,040 mL, 0.04 mmol, 0.5 eq) in 4 mL of toluene 
anhydrous were stirring for 15 minutes and transferred to Schlenk with 
compound 3 (50 mg, 0.072 mmol, 1eq), KOC(CH3)3 (36 mg, 0.32 mmol, 4.45 
eq) and diphenylamine (30.4 mg, 0.18 mmol, 2.5 eq) under N2. After being 
stirred at 110 °C for an appropriate period of time (72 h). The product was 
extracted with chloroform (3 x 100 mL), dried over sodium sulfate and the 
organic phase was removed by rotary evaporation. The resulting solids were 
loaded onto a chromatographic column (eluent mixture hexane: ethyl acetate 
(8:2). The product was isolated as a white solid (11.1 mg, 20%). 
 
1H-NMR (400 MHz, CD2Cl2): 7.35 – 7.26 (m, 12H), 7.14 (d, J = 8 Hz, 8H), 7.08 
(t, J = 8 Hz, 4H). 4.4 - 3.3 (br, 16H). 13C-NMR (400 MHz, CD2Cl2): 148.79, 
147.65, 133.68, 129.74, 125.21, 123.92, 121.20, 92.79, 60.39, -18.32.EM 
(MALDI-TOF) (m/z): Calcd for C48H40N2O8: 772.278 [M]
+, Found:772.431. 
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Synthesis of bi-p-phenylene JP-02 
 
A Schlenk flask charged with [Pd(PPh3)4] (60.2 mg, 0.052 mmol, 0.12 eq), 
KOC(CH3)3 (215 mg, 1.91 mmol,4.45 eq) and 4,4´-Dimethoxy diphenylamine 
(246 mg, 1.075 mmol, 2.5 eq) under N2. Dry toluene (20 mL) and compound 3 
(300 mg, 0.43 mmol, 1eq) were then added. After being stirred at 110 °C for an 
appropriate period of time (48 h). The product was extracted with chloroform (3 
x 100 mL), dried over sodium sulfate and the organic phase was removed by 
rotary evaporation. The resulting solids were loaded onto a chromatographic 
column (eluent mixture toluene:ethyl acetate (9:1)). The product was isolated as 
a yellow solid (95.6 mg, yield: 26%). 
 
1H-NMR (400 MHz, CD2Cl2): 7.15 (s, 4H), 7.09 (d, J = 12 Hz, 8H), 6.85 (d, J = 
12 Hz, 8H), 4.3 – 3.26 (Br, 28H). 13C-NMR (126 MHz, CD2Cl2): 156.39, 148.99, 
140.43, 132.74, 126.86, 121.06, 117.82, 114.76, 92.60, 60.10, 55.47. EM 
(MALDI-TOF) (m/z): Calcd for C52H48N2O12 : 892.321 [M]
+, Found: 892.469. 
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Synthesis of quart-p-phenylene JP-03 
 
A solution of 3 (300 mg, 0.435 mmol, 1 eq) and N,N-diphenyl-4-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl) aniline (500 mg, 1.346 mmol, 3 eq), 
Pd(PPh3)4 (36mg, 2 % mol) as a catalyst, K2CO3 like the base (5 mL, 2M) and 
20 mL of toluene anhydrous were transferred to Schlenk-flask at 90 ºC for 72h. 
The product was extracted with chloroform (3 x 100 mL), dried over sodium 
sulfate and the organic phase was removed by rotary evaporation. The resulting 
solids were loaded onto a chromatographic column (eluent mixture toluene / 
CH2Cl2 (1:2). The desired product was isolated as a yellow solid (260 mg, 64%). 
 
1H-NMR (400 MHz, CD2Cl2): 7.98 (s, 4H), 7.61 (d, J = 8 Hz, 4H), 7.30 (t, J = 8 
Hz, 8H), 7.20 – 7.02 (m, 16H), 4.3 – 3.6 (Br, 16H). 13C-NMR (400 MHz, CD2Cl2): 
148.36, 148.25, 142.16, 134.35, 133.94, 129.89, 128.31, 127.69, 125.53, 
125.19, 123.99, 123.77, 93.24, 60.66. EM (MALDI-TOF) (m/z): Calcd for 
C60H48N2O8: 924.341 [M]
+, Found: 924.534.  
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Synthesis of quart-p-phenylene JP-04 
 
 
Compound 3 (300 mg, 0.43 mmol), 4-methoxy-N-(4-methoxyphenyl)-N-(4-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl)aniline (565 mg, 1.30 mmol) 
and Pd(PPh3)4 (6 mg) were dissolved in dry toluene (20 mL) in a Schlenk-flask. 
K2CO3 (5 mL, 2.0 M aq) was added to the previous solution and the reaction 
was stirred at 90 ºC for 72 h under nitrogen. The product was extracted with 
chloroform (3 x 100 mL), dried over sodium sulfate and the organic phase was 
removed by rotary evaporation. The resulting solids were loaded onto a 
chromatographic column (eluent mixture hexane:ethyl acetate 4:1). The product 
was isolated as a yellow solid after precipitation in chloroform/methanol (287 
mg, 63%). 
 
1H-NMR (400 MHz; CD2Cl2): 7.98 (4H, s), 7.58 (4 H, d, J = 8.7 Hz), 7.14 (8 H, d, 
J = 9.0 Hz), 7.02 (4 H, d, J = 8.5 Hz), 6.91 (8 H, d, J = 8.9 Hz), 4.27 (8 H, br s), 
3.90 – 3.50 (20 H, m). 13C-NMR (100 MHz; CD2Cl2): 156.66, 149.16, 142.05, 
140.97, 133.60, 131.97, 127.84, 127.25, 125.04, 120.43, 115.09, 93.08, 61.82, 
55.82. EM (MALDI-TOF) (m/z): Calcd for C64H56N2O12: 1044.383 [M]
+, Found: 
1044.376.  
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Synthesis of poly-p-phelylene (POL_JP-04) 
 
A solution of 3 (50 mg, 0.0724 mmol) and the compound B (4-((2-
ethylhexyl)oxy)-N,N-bis(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)phenyl)aniline) (45 mg, 0.0724 mmol), were put in microwave vial under 
nitrogen. Then, PdCl2(dppf) (4 mg, 0.005 mol) as a catalyst, K3PO4 as the base 
(32 mg, 0.151mmol) and THF/water (3 : 1 v/v) as the reaction medium. At the 
pulsed microwave power level of 100 W and keep the following conditions (80 
°C, 120 PSI, 11 min) the reaction was carried out. The product was extracted 
with CH2Cl2 (3 x 30 mL), dried over sodium sulfate and the organic phase was 
removed by rotary evaporation. The resulting solids were dissolved in CHCl3 
and precipitated in cold MeOH. The green precipitate was purified by Soxhlet 
extractor using several solvent, methanol (3 days), hexane (3 days), acetone (3 
days). The resulting solids were extracted with THF and precipitated in MeOH 
until to obtain a green solid (18.5 mg, 30%). 
 
1H-NMR (400 MHz, CH2Cl2 ): 8.02 – 7.95 (4H), 7.68–7.57 (4H), 7.23–7.10 (4H), 
6.98–6.87 (4H) 4.22 (8H), 3.71 (s, 10H), 1.41 (s, 9H), 0.93 (s, 6H). SEC: Mn = 
9681, Mw = 31903, PDI = 3.29. MS (MALDI-TOF) calculated for C52H55NO9 [M]
+ 
= 837.388 found [M]+= 837.76 building blocks. 
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Synthesis (chapter 3) 
 
5,6-dinitro-4,7-bis((triisobutylsilyl)ethynyl)benzo[c][1,2,5]thiadiazole, 5 
 
Ethynyltriisobutylsilane[99] (8.42 g, 37.5 mmol) was dissolved in dry THF (80 mL) 
and the reaction was cooled to –78 ºC. nBuLi (26.9 mL, 1.6 M in hexanes) was 
slowly added and the reaction was stirred for 1 hour. Tributyltin chloride (17.4 g, 
52.51 mmol) was slowly added to the reaction and the reaction was stirred 
overnight at room temperature. NH4Cl (aq.) was added and the product was 
extracted with diethyl ether (3x 30 mL). The oil was used in the next step 
without further purification. The oil was dissolved in dry THF (20 mL) and added 
to a solution of 4,7-dibromo-5,6-dinitrobenzo[c][1,2,5]thiadiazole[25k] (4.0 gr, 10.4 
mmol) and Pd(PPh3)2Cl2 ( 0.71 g, 1.02 mmol) in dry THF (120 mL). The reaction 
was refluxed for 48 hours under nitrogen. The reaction was cooled down to 
room temperature and water was added. The product was extracted with 
chloroform (3 x 100 mL), dried over sodium sulfate and the organic phase was 
removed by rotary evaporation. The resulting solids were loaded onto a 
chromatographic column (eluent mixture hexane:dichloromethane 6:1). The 
product was isolated as a yellow solid (4.6 g, 66%). 
1H-NMR (CDCl3): 2.05-1.88 (6 H, m), 1.04 (36 H, J = 8.0 Hz, d), 0.80 (12 H, J = 
8.0 Hz, d).13C-NMR (CDCl3): 153.18, 145.74, 117.79, 112.63, 94.78, 26.41, 
25.22 and 24.62. MS (MALDI, pos.) (m/z): [M+Na]+ calcd. for 
C34H54NaN4O4SSi2: 693.330; found 693.581. 
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4,7-bis((triisobutylsilyl)ethynyl)benzo[c][1,2,5]thiadiazole-5,6-diamine, 6 
 
5,6-dinitro-4,7-bis((triisobutylsilyl)ethynyl)benzo[c][1,2,5]thiadiazole (2.80 g, 4.2 
mmol) was suspended in acetic acid, the mixture was bubbled with nitrogen for 
15 minutes and iron (2.33 g, 42.0 mmol) was added. The reaction was stirred at 
56ºC for 5 hours. The reaction was cooled down to room temperature and water 
was added. The product was extracted with chloroform (3 x 100 mL), dried over 
sodium sulfate and the organic phase was removed by rotary evaporation. The 
resulting solids were loaded onto a chromatographic column (eluent mixture 
hexane:dichloromethane 4:1). The product was isolated as a bright yellow solid 
(1.1 g, 43%). 
1H-NMR (CDCl3): 4.85 (4H, s), 2.06-1.89 (6 H, m), 1.05 (36 H, J = 8.0 Hz, d), 
0.80 (12 H, J = 8.0 Hz, d). 13C-NMR (CDCl3): 150.50, 143.53, 106.51, 99.41, 
97.31, 26.55, 25.34 and 25.23. MS (MALDI, pos.) (m/z): [M+Na]+ calcd. for 
C34H58NaN4SSi2: 633.382; found 633.462. 
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Synthesis of compound 8 
 
2,7-di-tert-butyl-10,11-dihydro-8b,12a-(epoxyethanooxy)pyreno[4,5-
b][1,4]dioxine-4,5-dione[73b, 73c] (357 mg, 0.825 mmol) and compound 6 (637 mg, 
1.042 mmol) were dissolved in chloroform (5 mL) and acetic acid (3 mL), and 
the reaction was refluxed for 48 hours. The reaction was cooled to room 
temperature and water was added. The product was extracted with chloroform 
(3 x 20 mL), dried over magnesium sulfate and eliminated by rotary 
evaporation. The solids were loaded onto a chromatographic column (eluent 
mixture hexane:dichloromethane 4:1) to obtain the product as a dark red solid 
(542 mg, 63%). 
1H-NMR (CDCl3): 9.47 (2H, J = 4.0 Hz, d), 8.19(2H, J = 4.0 Hz, d), 4.37 (4H, br 
s), 3.85 (4H, br s), 2.21-2.05 (6H, m), 1.61 (18H, s), 1.13 (36H, J = 8.0 Hz, d), 
0.98 (12H, J = 8.0 Hz, d). 13C-NMR (CDCl3): 155.00, 152.10, 145.32, 141.66, 
132.72, 129.57, 127.39, 126.67, 124.84, 114.28, 112.78, 101.74, 93.49, 61.87, 
35.61, 31.77, 26.69, 25.33 and 25.29. MS (MALDI, pos.) (m/z): [M]+ calcd. for 
C62H84N4O4SSi2: 1036.575; found: 1036.545. 
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Synthesis of o-diamine derivative A 
 
Compound 8 (170 mg, 0.164 mmol) was dissolved in dry diethyl ether (24 mL) 
and cooled down to 0 oC. LiAlH4 (60 mg, 9 eq.) was added portionwise and the 
reaction was stirred at room temperature overnight. The reaction was quenched 
with NH4Cl (aq.) and the product was extracted with ethyl acetate. The organic 
phase was dried over sodium sulfate, filtrated and eliminated by rotary 
evaporation. The solids were loaded onto a chromatographic column (eluent 
mixture dichloromethane:hexane 1:1). The product was isolated as a bright 
yellow solid (156 mg, 94%). 
1H-NMR (CDCl3): 9.46 (2H, J = 4.0 Hz, d), 8.12 (2H, J = 4.0 Hz, d), 4.79 (4H, s), 
4.36 (4H, br s), 3.85(4H, br s), 2.10-1.95 (6H, m), 1.59 (18H, s), 1.09 (36H, J = 
8.0 Hz, d) and 0.91 (12H, J = 8.0 Hz, d). 13C-NMR (CDCl3): 150.88, 142.89, 
140.03, 138.98, 131.96, 130.34, 125.68, 124.11, 123.13, 106.61, 104.04, 
101.04, 93.98, 61.96, 35.39, 31.45, 26.67 and 25.43. MS (MALDI, pos.) (m/z): 
[M+H]+ calcd. for C62H89N4O4Si2: 1009.642; found: 1009.988. 
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Synthesis of compound C. 
 
Compound A (45 mg, 0.045 mmol) and cyclohexane-1,2,3,4,5,6-hexaone (5 
mg, 0.015 mmol) were dissolved in chloroform (9 mL) and acetic acid (3 mL) 
was added and the reaction was refluxed for 72 hours. Water was added and 
the product was extracted with chloroform (3 x 25 mL). The organic phase was 
dried over sodium sulfate, filtrated and removed by rotary evaporation. The 
crude was loaded onto a chromatographic column (eluent mixture 
chloroform:toluene 1:3). The solvent was removed under vacuum. Then, the 
resulting solid was dissolved in chloroform (3 mL) and MnO2 (10 mg) was 
added to the solution was stirred for 1 hour. The brown solid was precipitated 
several times using a mixture of solvents dichloromethane and methanol, the 
product was obtained pure as bright brown solid (5 mg, 15%). 
 
1H-NMR (400 MHz, CDCl3): 9.53 (d, J = 2.1 Hz, 4H), 8.22 (d, 4H), 4.43 – 4.32 
(br s, 8H), 3.91 – 3.75 (br s, 8H), 2.26 – 2.12 (m, 12H), 1.62 (s, 36H), 1.17 (d, J 
= 6.5 Hz, 72H); 13C-NMR (100 MHz, CDCl3): 177.59, 152.23, 146.29, 144.95, 
143.56, 143.12, 132.72, 129.15, 127.57, 127.19, 125.21, 124.73, 116.95, 
101.08, 93.28, 61.75, 35.53, 31.67, 26.59, 25.28, 25.06; MS (MALDI, pos.) 
(m/z): [M+H]+ calcd. for C130H169N8O10Si4: 2115.206, found: 2115.013. 
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Synthesis of SNG-G0-Q (synthesised by Dr. Alberto Riaño) 
 
SNG-G0 (124 mg, 0.086 mmol) was dissolved in a mixture of TFA/water (10 mL, 
9:1) at 0 °C. The solution was stirred overnight at room temperature. The 
precipitate formed was filtrated and washed with water and hot methanol to get 
70 mg (69%) of a yellow solid.  
 
1H-NMR (500 MHz, TFA-d1): 10.62 (6H, J = 2.0, d), 9.48 (6H, J = 2.0 Hz, d), 
2.28 (54H, s); 13C-NMR (125 MHz, TFA-d1): 183.89, 157.76, 145.61, 143.18, 
135.78, 134.88, 132.63, 131.84, 131.21, 38.27, 33.03; MS (MALDI, pos.) (m/z): 
[M+Ag]+ calcd. for C78H66AgN6O6: 1289.4095, found: 1289.4093. 
  
Synthesis 
 
134 
 
Synthesis of SNG-G1  
 
Compound A (106 mg, 0.105 mmol) and compound SNG-G0-Q that was 
synthesised by Dr. Alberto Riaño (25 mg, 0.021 mmol) were dissolved in 
chloroform (3 mL), acetic acid (1 mL) was added and the reaction was refluxed 
for 72 hours. Water was added and the product was extracted with chloroform 
(3 x 25 mL). The organic phase was dried over sodium sulfate, filtrated and 
removed by rotary evaporation. The crude was loaded onto a chromatographic 
column (eluent mixture chloroform:toluene 3:1). The resulting solid was 
precipitated in dichloromethane and methanol and the product was obtained as 
a bright red solid (27 mg, 32%).  
 
1H-NMR (400 MHz, CDCl3): 10.46 (6H, s), 10.20 (6H, J = 2.0 Hz, s), 9.60 (6H, J 
= 2.0 Hz, s), 8.24 (6H, s), 4.49 – 4.32 (12H, br s), 3.98 – 3.79 (12H, br s), 2.27 – 
2.11 (18H, m), 2.06 (54H, s), 1.67 (54H, s), 1.16 (144H, m); 13C-NMR (100 
MHz, CDCl3): 151.86, 151.33, 144.78, 144.60, 143.70, 142.45, 142.21, 142.14, 
132.43, 129.74, 129.61, 129.57, 127.13, 127.04, 126.74, 126.55, 126.31, 
124.74, 121.90, 112.58, 102.52, 93.46, 61.76, 36.18, 35.56, 32.75, 31.80, 
26.56, 25.31, 25.23; MS (MALDI, pos.) (m/z): [M+Ag]+ calcd. for 
C264H318AgN18O12Si6: 4211.2579, found: 4211.1790. 
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Synthesis of SNG-G2  
 
SNG-G1 (10 mg, 2.43 μmol) was dissolved in TFA (3 mL) and water (1 mL) was 
added. The reaction was stirred at room temperature and followed by thin layer 
chromatography. Aqueous work-up was carried out and extracted with 
chloroform. The organic phase was dried over sodium sulfate anhydrous, 
filtrated and removed by rotary evaporation. The red solid was filtrated through 
a silica plug and used in the next step without further purification. The resulting 
red solid was dissolved in chloroform (3 mL) and acetic acid (1 mL) and 
compound A (14 mg, 14 μmol) was added. The reaction was refluxed for 72 
hours. The crude was diluted with chloroform and washed with water (3 x 25 
mL). The organic phase was dried over sodium sulfate anhydrous, filtrated and 
eliminated by rotary evaporation. The solid was loaded onto a chromatographic 
column (eluent mixture chloroform:toluene 4:1). The resulting solid was 
precipitated in dichloromethane and methanol. The product was obtained as a 
bright pink solid (6 mg, 38%). 
 
1H-NMR (500 MHz, CDCl3): 10.55 – 10.43 (6H, m), 10.28 – 10.18 (6H, m), 
10.13 – 9.91 ( 12H, m), 9.65 – 9.49 (6H, m), 8.29 – 8.16 (6H, m), 4.49 – 4.28 
(12H, br s), 3.99 – 3.75 (12H, br s), 2.37 – 2.11 (36H, m), 2.09 (54H, s), 1.92 
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(54H, s), 1.66 (54H, s), 1.30 – 1.07 (m, 288H); 13C-NMR (125 MHz, CDCl3): 
151.86, 151.35, 151.05, 144.92, 144.87, 144.63, 144.59, 143.74, 143.65, 
142.50, 142.42, 142.37, 142.10, 132.41, 129.73, 129.69, 129.62, 127.37, 
127.12, 126.82, 126.32, 125.44, 124.76, 122.00, 121.86, 121.80, 112.90, 
112.81, 112.61, 112.55, 112.41, 102.50, 102.46, 102.39, 93.45, 61.79, 36.22, 
35.99, 35.55, 32.78, 32.37, 31.80, 27.27, 26.60, 26.53, 25.37, 25.29, 25.17; MS 
(MALDI, pos.) (m/z): [M+Ag]+ calcd. for C438H548AgN30O12Si12: 6868.0154, 
found: 6868.7884. 
Synthesis of SNG-G1BTD 
 
SNG-G1 (10 mg, 2.43 μmol) was dissolved in TFA (3 mL) and water (1 mL) was 
added. The reaction was stirred at room temperature and followed by thin layer 
chromatography. Aqueous work-up was carried out and extracted with 
chloroform. The organic phase was dried over sodium sulfate anhydrous, 
filtrated and removed by rotary evaporation. The red solid was filtrated through 
a silica plug and used in the next step without further purification. The resulting 
red solid (around 8 mg) was dissolved in chloroform (3 mL) and acetic acid (1 
mL) and TIPS-diamino-benzothiadiazole (TIPSBTD-NH2) (76 mg, 12.5 μmol) 
was added. The reaction was refluxed for 72 hours. The crude was diluted with 
chloroform and washed with water (3 x 25 mL). The organic phase was dried 
over sodium sulfate anhydrous, filtrated and eliminated by rotary evaporation. 
The solid was loaded onto a chromatographic column (eluent mixture 
hexane:CH2Cl2 1:1). The resulting solid was precipitated in dichloromethane 
and methanol. The product was obtained as a bright red solid (3.07 mg, 28%). 
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1H-NMR (500 MHz, CH2Cl2): 10.37 (d, J = 2.1 Hz, 12H), 10.08 (d, J = 2.1 Hz, 
12H), 1.94 (s, 126H), 1.51 – 1.44 (m, 36H), 1.41 (s, 126H), 1.40 (s, 54H), 1.26 
(s, 54H). 13C NMR (126 MHz, CD2Cl2): 156.10, 152.37, 146.26, 143.92, 
143.88, 143.26, 143.22, 142.19, 130.42, 129.87, 127.63, 127.18, 114.88, 
110.94, 103.50, 102.62, 77.84, 36.86, 36.51, 32.71, 30.26, 19.40, 12.30, 12.19. 
MS (MALDI, pos.) (m/z): [M+Na]+calcd for C336H420N30NaS3Si12: 5333.018; 
found: 5333.567; [M+Ag]+ calcd. for: C336H420AgN30S3Si12: 5416.933 
found:5417.231. 
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Synthesis (chapter 4) 
 
Synthesis of the compound C. 
 
 
To a solution of 2-(7-(tert-butyl)pyren-2-yl)-4,4,5,5-tetramethyl-1,3,2-
dioxaborolane[100] (200 mg 0.52 mmol) in CH2Cl2 (8 mL) and CH3CN (8 mL) 
were added NaIO4 (0.52 g, 2.45 mmol), H2O (15.0 mL), and RuCl3‚xH2O (10.7 
mg, 0.052mmol). The dark brown suspension was stirred at room temperature 
overnight. The reaction mixture was poured into 100 mL of H2O and the organic 
phase was extracted with CH2Cl2 giving an orange solution. The solvent was 
removed under reduced pressure to afford an orange solid. The crude was 
purified by chromatography column using a mixture of solvent 
hexane:chloroform (1:4). The orange solid was precipitated in a mixture of 
solvents dichloromethane and methanol, the product was obtained pure as 
bright orange solid (52 mg, 24%) 
 
1H-NMR (400 MHz, CDCl3): 8.85 (d, J = 1.2 Hz, 1H), 8.58 (dd, J = 5.2, 1.7 Hz, 
2H), 8.14 (d, J = 2.0 Hz, 1H), 7.82 (d, J = 4.2 Hz, 2H), 1.49 (s, 9H), 1.42 (s, 
12H); 13C-NMR (101 MHz, CDCl3): 
13C NMR (101 MHz, CDCl3) 180.96, 152.07, 
142.87, 135.90, 132.76, 131.93, 131.22, 130.33, 130.14, 129.19, 128.69, 
127.57, 127.54, 126.39, 84.71, 35.44, 31.31, 25.09. MS (MALDI, pos.) (m/z) 
[M+Na]+: Calcd C26H27BNaO4: 437.190, found: 437.169.  
.  
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Synthesis of the compound DAM. 
 
 
Compound dione derivative (25 mg, 0.072 mmol) and compound D (82 mg, 
0.1451 mmol) were dissolved in chloroform and acetic acid (3:1) and the 
reaction was refluxed for 48 hours. Water was added and the product was 
extracted with CH2Cl2 (3x25). The organic phase was dried over sodium sulfate, 
filtrated and eliminated by rotary evaporation. The crude was loaded onto a 
chromatographic column (eluent : mixture hexane : dichloromethane 8:2). The 
resulting solids were precipitations repeatedly until the product was obtained 
pure as bright purple solid (40 mg, yield of 61%).  
 
1H-NMR (400 MHz, CD2Cl2): 9.75 (d, J = 1.9 Hz, 2H), 9.60 (s, 2H), 8.30 (d, J = 
1.9 Hz, 2H), 8.16 – 8.08 (m, 2H), 8.02 (s, 2H), 7.61 – 7.53 (m, 2H), 1.66 (s, 
18H), 1.43 (d, J = 6.8 Hz, 42H). 13C NMR (101 MHz, CD2Cl2):
 156.05, 150.42, 
146.13, 139.96, 133.09, 132.80, 131.72, 129.49, 128.84, 127.65, 127.24, 
127.12, 125.08, 123.40, 120.67, 108.65, 104.22, 35.73, 31.91, 19.33, 12.20. MS 
(MALDI, pos.) (m/z): Calcd C60H72N2Si2: 876.523 [M]
+, found : 876.534. 
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Synthesis of the compound E. 
 
 
 
Compound C (25 mg, 0.06mmol) and compound D[63] (78 mg, 0.12 mmol) were 
dissolved in chloroform and acetic acid (3:1) and the reaction was refluxed for 
48 hours. Water was added and the product was extracted with chloroform 
(3x25 mL). The organic phase was dried over sodium sulfate, filtrated and 
eliminated by rotary evaporation. The crude was loaded onto a chromatographic 
column (eluent: mixture hexane:dichloromethane 8:2). The resulting solids were 
precipitated repeatedly until the product was obtained pure as bright purple 
solid (91 mg, 56%). 
 
1H-NMR (400 MHz, CD2Cl2): 9.91 (s, 1H), 9.78 (d, 1H), 9.58 (d, 2H), 8.77 (s, 
1H), 8.33 (d, J = 1.8 Hz, 1H), 8.16 – 8.01 (m, 4H), 7.62 – 7.53 (m, 2H), 1.67 (s, 
9H), 1.54 – 1.40 (m, 54H); 13C-NMR (101 MHz, CD2Cl2): 
13C NMR (101 MHz, 
CD2Cl2): 151.52, 146.37, 146.06, 140.52, 140.15, 138.52, 133.34, 133.27, 
133.04, 132.78, 132.67, 131.19, 130.82, 130.32, 129.34, 129.08, 129.06, 
128.95, 128.00, 127.95, 127.52, 127.45, 127.38, 127.31, 125.21, 123.68, 
121.05, 120.70, 109.17, 108.79, 104.41, 84.79, 48.96, 36.00, 32.07, 25.39, 
19.59, 19.53, 12.40, 12.18.MS (MALDI, pos.) (m/z): Calcd C62H75BN2O2Si2: 
946.546 [M]+, found: 946.555.  
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Synthesis of the compound m-DAD. 
 
 
 
A solution of 1,3-diiodobenzene (15 mg, 0.0454 mmol) and the compound E 
(100 mg, 0.109 mmol), PdCl2(dppf) (4 mg, 0.005 mol) as a catalyst, K3PO4 as 
the base (48 mg, 0.227 mmol)7 and THF/water (3 : 1 v/v) as the reaction 
medium. At the pulsed microwave power level of 100 W (80 °C, 120 PSI, 11 
min). The product was extracted with CH2Cl2 (3 x 30 mL), dried over sodium 
sulfate and the organic phase was removed by rotary evaporation. The resulting 
solids were loaded onto a chromatographic column (eluent: mixture hexane : 
dichloromethane 8:2). The resulting solids were precipitated until obtain the 
desired product as bright purple solid (35 mg, 45%). 
 
1H-NMR (400 MHz,CD2Cl2): 10.00 (d, J = 1.8 Hz, 2H), 9.84 (d, J = 1.9 Hz, 2H), 
9.64 (s, J = 8.0 Hz, 2H), 9.55 (s, 2H), 8.65 (d, J = 1.7 Hz, 2H), 8.49 (s, 1H), 8.36 
(d, J = 2.0 Hz, 2H), 8.22 – 8.06 (m, 10H), 7.88 (t, J = 7.6 Hz, 1H), 7.59 (m, J = 
6.8, 3.3 Hz, 4H), 1.72 (s, 18H), 1.58 – 1.40 (m, 42H), 1.26 – 1.10 (m, 42H); 13C 
NMR (101 MHz, CD2Cl2): 150.89, 145.96, 145.84, 142.35, 140.48, 140.12, 
140.00, 133.14, 133.05, 132.88, 132.59, 132.33, 131.98, 130.43, 129.93, 
129.77, 129.70, 128.84, 128.33, 127.86, 127.62, 127.36, 127.36, 127.20, 
127.13, 126.30, 125.03, 124.28, 123.61, 120.92, 120.57, 108.91, 108.69, 
104.20, 104.00, 83.24, 35.78, 31.90, 19.33, 19.06, 12.20, 11.88. MS (MALDI): 
Calcd C118H131N4Si4: [M+H]
+:1715.9442 Found [M+H]+:1715.9418. MS (MALDI): 
Calcd C118H130AgN4Si4: [M+Ag]
+:1821.8415 Found [M+Ag]+:1821.8416. 
  
Synthesis 
 
142 
 
Synthesis of the compound o-DAD. 
 
 
 
A solution of 1,2-diiodobenzene (11 mg, 0.033 mmol) and the compound E (75 
mg, 0.079 mmol), PdCl2(dppf) (4 mg, 0.005 mmol) as a catalyst, K3PO4 as the 
base (35 mg, 0.165 mmol) and THF/water (3 : 1 v/v) as the reaction medium. At 
the pulsed microwave power level of 100 W (80 °C, 120 PSI, 11 min). The 
product was extracted with CH2Cl2 (3 x 30 mL), dried over sodium sulfate and 
the organic phase was removed by rotary evaporation. The resulting solids 
were loaded onto a chromatographic column (eluent: mixture hexane : 
dichloromethane : diethyl ether 10:1:1). The resulting solids were precipitated 
until obtain the desired product as bright dark solid (14.5 mg, 25%). 
 
1H-NMR (400 MHz,CD2Cl2): 9.95 (d, J = 1.7 Hz, 2H), 9.72 (d, J = 1.9 Hz, 2H), 
9.63 (s, 2H), 9.58 (s, 2H), 8.19 – 8.10 (m, 6H), 7.90 – 7.83 (m, 4H), 7.74 – 7.69 
(m, 2H), 7.65 (d, J = 9.0 Hz, 2H), 7.62 – 7.57 (m, 4H), 7.47 (d, J = 9.0 Hz, 2H), 
1.58 (s, 18H), 1.46 – 1.40 (m, 42H), 1.37 – 1.32 (m, 42H); 13C NMR (101 MHz, 
CD2Cl2): 150.70, 146.04, 145.84, 143.01, 141.18, 140.75, 140.40, 140.08, 
133.20, 133.11, 132.95, 132.54, 132.50, 131.79, 131.70, 131.03, 129.97, 
129.59, 128.91, 128.41, 127.76, 127.28, 127.16, 126.73, 125.50, 124.91, 
123.41, 122.93, 120.91, 120.58, 108.90, 108.73, 106.16, 104.19, 104.07, 35.68, 
31.81, 19.33, 19.17, 12.20, 12.15.MS (MALDI): Calcd C118H131N4Si4: 
[M+H]+:1715.9442 Found [M+H]+ :1715.9328. MS (MALDI): Calcd 
C118H130AgN4Si4: [M+Ag]
+:1821.8415 Found [M+Ag]+ :1821.8333. 
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Synthesis of the compound p-TAD. 
 
 
 
A solution of 1,4-diiodobenzene (10 mg, 0.033 mmol) and the compound E (75 
mg, 0.079 mmol), PdCl2(dppf) (4 mg, 0.005 mol) as a catalyst, K3PO4 as the 
base (32 mg, 0.151mmol) and THF/water (3 : 1 v/v) as the reaction medium. At 
the pulsed microwave power level of 100 W (80 °C, 120 PSI, 11 min). The 
product was extracted with CH2Cl2 (3 x 30 mL), dried over sodium sulfate and 
the organic phase was removed by rotary evaporation. The resulting solids 
were loaded onto a chromatographic column (eluent: mixture hexane : 
dichloromethane : diethyl ether 10:1:1). The resulting solids were precipitated 
until obtain the desired product as bright dark solid ( 12.2 mg, 23%). 
 
1H-NMR (400 MHz,CD2Cl2): 9.98 (d, J = 1.9 Hz, 2H), 9.83 (d, J = 2.0 Hz, 2H), 
9.59 (d, J = 22.1 Hz, 4H), 8.59 (d, J = 1.9 Hz, 2H), 8.38 (d, J = 2.0 Hz, 2H), 8.19 
– 8.11 (m, 12H), 7.62 – 7.54 (m, 4H), 1.71 (s, 18H), 1.48 – 1.43 (m, 42H), 1.38 
– 1.31 (m, 42H); 13C NMR (101 MHz, CDCl3): 150.67, 145.94, 145.78, 140.99, 
140.28, 140.21, 140.06, 133.10, 132.97, 132.63, 132.13, 131.82, 130.45, 
129.79, 129.28, 129.03, 128.94, 128.89, 128.27, 127.50, 127.23, 127.16, 
126.94, 126.93, 126.24, 125.14, 124.46, 123.79, 120.95, 120.64, 108.68, 
108.45, 104.25, 104.10, 100.29, 35.82, 32.09, 19.52, 19.41, 12.14, 12.07.MS 
(MALDI): Calcd C118H131N4Si4: [M+H]
+:1715.9442 Found [M+H]+ :1715.9371. 
MS (MALDI): Calcd C118H130AgN4Si4: [M+Ag]
+:1821.8415 Found [M+Ag]+ 
:1821.8312. 
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Synthesis of the compound TAM. 
 
 
 
Compound 3 (25 mg, 0.072 mmol) and compound D (82 mg, 0.1451 mmol) 
were dissolved in chloroform and acetic acid (3:1) and the reaction was refluxed 
for 48 hours. Water was added and the product was extracted with CH2Cl2 
(3x25). The organic phase was dried over sodium sulfate, filtrated and 
eliminated by rotary evaporation. The crude was loaded onto a chromatographic 
column (eluent : mixture hexane : dichloromethane 8:2). The resulting solids 
were precipitated repeatedly until the product was obtained pure as bright 
purple solid (8 mg, yield of 13%).  
 
1H-NMR (400 MHz,CD2Cl2): 9.83 (d, J = 1.9 Hz, 2H), 8.40 – 8.33 (m, 4H), 8.07 
(s, 2H), 7.97 (m, J = 6.9, 3.3 Hz, 2H), 1.71 (s, 18H), 1.48 (d, J = 4.7 Hz, 42H); 
13C-NMR (101 MHz, CD2Cl2): 150.62, 147.07, 145.26, 143.78, 142.23, 132.24, 
131.81, 130.47, 129.18, 127.91, 127.72, 125.23, 124.00, 122.43, 111.11, 
103.41, 35.75, 31.88, 19.33, 12.19. MS (MALDI, pos.) (m/z): [M+H]+ Calcd 
C58H71N4Si2: 879.522  [M+H]
+, found: 880.529. 
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Synthesis of the compound E´. 
 
 
 
Compound C (25 mg, 0.06mmol) and compound D (78 mg, 0.12 mmol) were 
dissolved in chloroform and acetic acid (3:1) and the reaction was refluxed for 
48 hours. Water was added and the product was extracted with chloroform 
(3x25 mL). The organic phase was dried over sodium sulfate, filtrated and 
eliminated by rotary evaporation. The crude was loaded onto a chromatographic 
column (eluent: mixture hexane : dichloromethane 8:2). The resulting solids 
were precipitated repeatedly until the product was obtained pure as bright 
purple solid (18 mg, 32%). 
 
1H-NMR (400 MHz,CD2Cl2): 9.95 (s, 1H), 9.82 (d, J = 1.9 Hz, 1H), 8.79 (s, 1H), 
8.36 – 8.28 (m, 3H), 8.11 – 8.02 (m, 2H), 7.94 (dt, J = 6.9, 3.3 Hz, 2H), 1.66 (s, 
9H), 1.51 – 1.40 (m, 54H). 13C NMR (101 MHz, CD2Cl2): 151.51, 147.16, 
146.80, 146.74, 145.34, 145.28, 143.83, 143.56, 142.62, 142.23, 138.93, 
132.55, 132.26, 131.20, 131.06, 130.57, 130.49, 129.80, 128.90, 128.82, 
127.94, 127.88, 127.83, 125.16, 124.11, 122.59, 111.38, 111.10, 103.41, 84.65, 
35.82, 31.97, 31.86, 25.19, 19.39, 19.38, 12.20, 12.03. MS (MALDI, pos.) (m/z): 
[M+H] Calcd C60H74BN4O2Si2 : 949.544 [M+H]
+, found C60H74BN4O2Si2: 950.540 
MS (MALDI, pos.) (m/z): [M+Na]+ Calcd C60H73BN4NaO2Si2: 971.526   [M+Na]
+, found: 
971.514. 
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Synthesis of the compound m-TAD. 
 
 
 
A solution of 1,3-diiodobenzene (3 mg, 0.0454 mmol) and the compound E´ (20 
mg, 0.021 mmo), PdCl2(dppf) (2 mg, 0.0025 mol) as a catalyst, K3PO4 as the 
base (24 mg, 0.113 mmol) and THF/water (3 : 1 v/v) as the reaction medium. At 
the pulsed microwave power level of 100 W (80 °C, 120 PSI, 11 min). The 
product was extracted with CH2Cl2 (3 x 30 mL), dried over sodium sulfate and 
the organic phase was removed by rotary evaporation. The resulting solids 
were loaded onto a chromatographic column (eluent: mixture hexane : 
dichloromethane 8:2). The resulting solids were precipitated until obtain the 
desired product as bright purple solid (3 mg, 19%). 
 
1H-NMR (400 MHz,CD2Cl2): 10.01 (d, J = 1.8 Hz, 2H), 9.85 (d, J = 1.9 Hz, 2H), 
8.67 (d, J = 1.8 Hz, 2H), 8.46 (t, J = 1.8 Hz, 1H), 8.38 (d, J = 2.0 Hz, 2H), 8.32 – 
8.26 (m, 2H), 8.26 – 8.20 (m, 2H), 8.17 – 8.08 (m, 6H), 7.94 – 7.80 (m, 5H), 
1.68 (s, 18H), 1.49 – 1.39 (m, 42H), 1.16 – 1.07 (m, 42H). 13C NMR (101 MHz, 
CD2Cl2): 151.17, 146.93, 145.57, 145.34, 143.88, 143.57, 142.42, 142.32, 
140.73, 132.49, 132.30, 132.12, 130.49, 130.19, 130.07, 129.42, 128.46, 
128.10, 127.99, 127.72, 126.53, 125.24, 125.09, 124.88, 124.24, 122.87, 
122.86, 122.67, 122.40, 111.37, 111.24, 103.39, 103.17, 35.83, 31.88, 19.32, 
19.03, 17.84, 12.18, 11.87. MS (MALDI): Calcd C114H126AgN8Si4 [M+Ag]
+: 
1825.8233 Found [M+Ag]+: 1825.8261 . 
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Synthesis of the compound o-TAD. 
 
 
A solution of 1,2-diiodobenzene (5 mg, 0.015 mmol) and the compound E´ (30 
mg, 0.079 mmol), PdCl2(dppf) (2 mg, 0.005 mmol) as a catalyst, K3PO4 as the 
base (35 mg, 0.165 mmol) and THF/water (3 : 1 v/v) as the reaction medium. At 
the pulsed microwave power level of 100 W (80 °C, 120 PSI, 11 min). The 
product was extracted with CH2Cl2 (3 x 30 mL), dried over sodium sulfate and 
the organic phase was removed by rotary evaporation. The resulting solids 
were loaded onto a chromatographic column (eluent: mixture hexane : 
dichloromethane : diethyl ether 10:1:1). The resulting solids were precipitated 
until obtain the desired product as bright dark solid (7.7 mg, 30%). 
 
1H-NMR (400 MHz,CD2Cl2): 9.97 (d, J = 1.7 Hz, 2H), 9.76 (d, J = 2.0 Hz, 2H), 
8.40 – 8.25 (m, 4H), 8.15 (d, J = 2.0 Hz, 2H), 8.01 – 7.91 (m, 6H), 7.90 – 7.84 
(m, 2H), 7.74 – 7.70 (m, 2H), 7.66 (d, 2H), 7.50 (d, J = 9.0 Hz, 2H), 1.58 (s, 
18H), 1.47 – 1.40 (m, 42H), 1.39 – 1.32 (m, 42H). 13C-NMR (101 MHz, CD2Cl2): 
150.94, 146.97, 146.81, 145.40, 145.32, 143.96, 143.42, 142.73, 142.34, 
141.02, 140.87, 133.18, 132.36, 132.36, 131.89, 131.65, 131.14, 130.63, 
130.53, 129.66, 129.28, 128.52, 127.93, 127.87, 127.35, 127.30, 125.70, 
125.06, 124.02, 122.47, 111.27, 111.14, 103.37, 67.96, 35.70, 31.78, 19.32, 
19.15, 12.18. MS (MALDI): Calcd C114H126AgN8Si4: [M+Ag]
+: 1825.8233 Found 
[M+Ag]+: 1825.8139. 
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Synthesis of the compound p-TAD. 
 
 
A solution of 1,4-diiodobenzene (5 mg, 0.015 mmol) and the compound E´ (30 
mg, 0.036 mmol), PdCl2(dppf) (2 mg, 0.005 mol) as a catalyst, K3PO4 as the 
base (32 mg, 0.151 mmol) and THF/water (3 : 1 v/v) as the reaction medium. At 
the pulsed microwave power level of 100 W (80 °C, 120 PSI, 11 min). The 
product was extracted with CH2Cl2 (3 x 30 mL), dried over sodium sulfate and 
the organic phase was removed by rotary evaporation. The resulting solids 
were loaded onto a chromatographic column (eluent: mixture hexane : 
dichloromethane : diethyl ether 10:1:1). The resulting solids were precipitated 
until obtain the desired product as bright dark solid (5 mg, 20%) 
1H-NMR (400 MHz,CD2Cl2): 10.02 (d, J = 1.8 Hz, 2H), 9.87 (d, J = 2.0 Hz, 2H), 
8.63 (d, J = 1.9 Hz, 2H), 8.41 (d, J = 2.0 Hz, 2H), 8.35 – 8.27 (m, 4H), 8.21 – 
8.11 (m, 8H), 7.96 – 7.86 (m, 4H), 1.70 (s, 18H), 1.49 – 1.43 (m, 42H), 1.39 – 
1.33 (m, 42H). 13C-NMR (126 MHz, CD2Cl2) : 150.81, 146.58, 146.47, 145.01, 
144.94, 143.55, 143.17, 142.14, 141.95, 140.50, 140.03, 138.07, 131.96, 
131.72, 130.19, 130.11, 129.66, 128.71, 128.08, 127.76, 127.30, 126.04, 
125.51, 124.88, 124.43, 123.90, 122.29, 122.12, 113.19, 110.93, 110.89, 
103.01, 102.93, 35.47, 31.51, 18.96, 18.86, 11.82, 11.78. MS (MALDI): Calcd 
C114H126AgN8Si4: [M+Ag]
+: 1825.8233 Found [M+Ag]+: 1825.8317. 
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Synthesis of the compound o-DADCOOH. 
 
 
 
A solution of 3,4-dibromobezoic acid ( 2 mg, 0.007mmol) and the compound E 
(13 mg, 0.014 mmol), PdCl2(dppf) (4 mg, 0.005 mmol) as a catalyst, K3PO4 as 
the base (35 mg, 0.165 mmol) and THF/water (3 : 1 v/v) as the reaction 
medium. At the pulsed microwave power level of 100 W (80 °C, 120 PSI, 11 
min). The product was extracted with CH2Cl2 (3 x 30 mL), dried over sodium 
sulfate and the organic phase was removed by rotary evaporation. The resulting 
solids were loaded onto a chromatographic column (eluent: mixture 
dichloromethane + 10% methanol). The resulting solids were precipitated until 
obtain the desired product as bright dark solid (6 mg, 47%). 
 
1H-NMR (400 MHz,CD2Cl2): 9.81 (s, 1H), 9.64 (s, 1H), 9.59 (s, 1H), 8.53 (s, 
1H), 8.37 (s, 1H), 8.29 (s, 1H), 8.20 (d, J = 7.8 Hz, 1H), 8.16 – 8.04 (m, 5H), 
7.97 (d, 0H), 7.74 (d, 0H), 7.61 – 7.47 (m, 3H), 1.68 (s, 8H), 1.47 – 1.36 (m, 
10H), 1.25 – 1.13 (m, 6H).13C NMR (101 MHz, CD2Cl2): 160.36, 151.13, 
145.89, 145.52, 140.26, 140.02, 135.20, 134.83, 134.72, 133.18, 133.04, 
132.94, 132.41, 132.10, 131.69, 131.55, 131.51, 129.77, 128.86, 128.67, 
128.46, 127.45, 127.25, 127.13, 125.89, 124.96, 123.67, 121.02, 120.51, 
108.90, 108.72, 104.13, 103.76, 75.41, 74.46, 35.80, 34.00, 31.87, 30.05, 
19.31, 19.03, 12.17, 11.95.MS (MALDI-TOF): Calcd:C119H131N4O2Si4 [M+H]
+: 
1759.9332 Found [M+H]+ : 1759.9434 
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1H-NMR and 13C-NMR Spectroscopy, HRMS and X-ray 
diffraction (Chapter 2) 
 
 
Figure 87. 
1
H-NMR bi-p-phenylene JP-01 in CD2Cl2. 
  
Annex I 
154 
 
 
Figure 88.
 13
C-NMR bi-p-phenylene JP-01 in CD2Cl2. 
 
 
Figure 89. MALDI-TOF of bi-p-phenylene JP-01. 
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Figure 90. X-ray crystal structure of bi-p-phenylene JP-01. 
Table 16. Crystal data and structure refinement for JP-01. 
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Figure 91.
 1
H-NMR bi-p-phenylene JP-02 in CD2Cl2. 
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Figure 92. 
13
C-NMR bi-p-phenylene JP-02 in CD2Cl2. 
 
 
Figure 93. MALDI-TOF of bi-p-phenylene JP-02. 
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Figure 94. X-ray crystal structure of bi-p-phenylene JP-02.  
Annex I 
159 
 
 
Figure 95.
 1
H-NMR quart-p-phenylene JP-03 in CD2Cl2. 
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Figure 96.
 13
C-NMR quart-p-phenylene JP-03 in CD2Cl2. 
 
 
Figure 97. MALDI-TOF of quart-p-phenylene JP-03. 
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Figure 98.
 1
H-NMR quart-p-phenylene JP-04 in CD2Cl2 
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Figure 99. 
13
C-NMR quart-p-phenylene JP-04 in CD2Cl2. 
 
Figure 100. MALDI-TOF of quart-p-phenylene JP-04. 
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Figure 101. X-ray crystal structure of bi-p-phenylene JP-04. 
Table 17. Crystal data and structure refinement for JP-04. 
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Figure 102. 
1
H-NMR of poly-p-phelylene POL_JP-04 in CD2Cl2. 
 
Figure 103. MALDI-TOF of . poly-p-phelylene POL_JP-04. 
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1H-NMR and 13C-NMR Spectroscopy and HRMS (Chapter 3) 
 
 
Figure 104. 
1
H NMR of the compound 5 in CDCl3. 
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Figure 105. 
13
C NMR of the compound 5 in CDCl3. 
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Figure 106. 
1
H NMR of the compound 6 in CDCl3. 
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Figure 107. 
13
C NMR of the compound 6 in CDCl3. 
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Figure 108. 
1
H NMR of the compound 8 in CDCl3. 
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Figure 109. 
13
C NMR of the compound 8 in CDCl3. 
  
Annex I 
171 
 
 
Figure 110. 
1
H NMR of the compound A in CDCl3. 
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Figure 111. 
13
C NMR of the compound A in CDCl3. 
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Figure 112. 
1
H NMR of the compound C in CDCl3. 
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Figure 113. 
13
C NMR of the compound C in CDCl3. 
 
Figure 114. MALDI-TOF of the compound C 
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Figure 115. 
1
H NMR of the compound SNG-G0 in CDCl3.
[65]
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Figure 116. 
13
C NMR of the compound SNG-G0 in CDCl3.
[65]
 
 
 
Figure 117. MALDI-TOF of the compound SNG-G0.
[65]
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Figure 118. 
1
H NMR of the compound SNG-G0-Q in TFA-d1 
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Figure 119. 
13
C NMR of the compound SNG-G0-Q in TFA-d1. 
 
Figure 120. MALDI_TOF of the compound SNG-G0-Q. 
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Figure 121. 
1
H NMR of the compound SNG-G1 in CDCl3. 
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Figure 122. 
13
C NMR the compound SNG-G1 in CDCl3. 
 
Figure 123. MALDI-TOF of the compound SNG-G1. 
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Figure 124. 
1
H NMR of the compound SNG-G2 in CDCl3. 
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Figure 125. 
13
C NMR the compound SNG-G2 in CDCl3. 
 
Figure 126. MALDI-TOF of the compound SNG-G2. 
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Figure 127. 
1
H NMR of the compound SNG-G1BTD in CDCl3. 
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Figure 128. 
13
C NMR with HSQC of the compound SNG-G1BTD in CDCl3. 
 
Figure 129. MALDI-TOF of SNG-G1BTD. 
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1H-NMR and 13C-NMR Spectroscopy and HRMS (Chapter 4)  
 
 
Figure 130. 
1
H-NMR of the compound C in CDCl3. 
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Figure 131. 
13
C-NMR of the compound C in CDCl3 
 
 
Figure 132. MALDI-TOF of the compound C. 
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Figure 133. 1H NMR of the compound DAM in CD2Cl2. 
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Figure 134. 
13
C NMR of the compound DAM in CD2Cl2 
 
Figure 135. MALDI-TOF of the compound DAM. 
. 
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Figure 136. 
1
H NMR of the compound E in CD2Cl2. 
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Figure 137. 
13
C NMR of the compound E in CD2Cl2 
 
Figure 138. MALDI-TOF of the compound E 
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Figure 139. 
1
H NMR of the compound m-DAD in CD2Cl2. 
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Figure 140. 
13
C NMR of the compound m-DAD in CD2Cl2 
 
Figure 141. MALDI-TOF of the compound m-DAD. 
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Figure 142. 
1
H NMR of the compound o-DAD in CD2Cl2. 
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Figure 143. 
13
C NMR of the compound o-DAD in CD2Cl2 
 
 
Figure 144. MALDI-TOF of the compound o-DAD. 
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Figure 145. 
1
H NMR of the compound p-DAD in CDCl3. 
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Figure 146. 
13
C NMR of the compound p-DAD in CDCl3. 
 
 
Figure 147. MALDI-TOF of the compound p-DAD. 
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Figure 148.  
1
H-NMR of the compound TAM in CD2Cl2. 
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Figure 149. 
13
C-NMR of the compound TAM in CD2Cl2. 
 
Figure 150. MALDI-TOF of the compound TAM. 
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Figure 151. 
1
H-NMR of the compound E´ in CD2Cl2. 
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Figure 152. 
13
C-NMR of the compound E´ in CD2Cl2. 
 
Figure 153.  MALDI-TOF of the compound E´. 
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Figure 154. 
1
H-NMR of the compound m-TAD in CD2Cl2. 
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Figure 155. 
13
C-NMR of the compound m-TAD in CD2Cl2.  
 
Figure 156. MALDI-TOF of the compound m-TAD. 
  
[M+Ag]
+
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Figure 157. 1H-NMR of the compound o-TAD in CD2Cl2. 
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Figure 158. 
13
C-NMR of the compound o-TAD in CD2Cl2. 
 
Figure 159. MALDI-TOF of the compound o-TAD. 
  
[M+Ag]
+
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Figure 160. 
1
H-NMR of the compound p-TAD in CD2Cl2. 
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Figure 161. 
13
C-NMR of the compound p-TAD in CD2Cl2. 
 
 
Figure 162. MALDI-TOF of the compound p-TAD. 
  
[M+Ag]
+
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Figure 163. 
1
H NMR of the compound o-DADCOOH in CD2Cl2. 
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Figure 164. 
13
C NMR of the compound o-DADCOOH in CD2Cl2. 
 
Figure 165. MALDI-TOF of the compound o-DADCOOH. 
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Time-correlated single photon counting (TCSPC) 
 
 
Figure 166. Fluorescence time profiles (red: decay data points; blue: fit) at an excitation of 505 
nm of DAM in argon saturated a) toluene (Tol) and b) benzonitrile (BN) at room temperature.  
 
 
Figure 167. Fluorescence time profiles (red: decay data points; blue: fit) at an excitation of 505 
nm of o-DAD in argon saturated a) toluene (Tol) and b) benzonitrile (BN) at room temperature. 
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Figure 168. Fluorescence time profiles (red: decay data points; blue: fit) at an excitation of 505 
nm of m-DAD in argon saturated a) toluene (Tol) and b) benzonitrile (BN) at room temperature. 
 
 
Figure 169. Fluorescence time profiles (red: decay data points; blue: fit) at an excitation of 505 
nm of p-DAD in argon saturated a) toluene (Tol) and b) benzonitrile (BN) at room temperature. 
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Table 18. Fluorescence lifetimes, relative amplitudes, and chi-square values of DAM, o-DAD, 
m-DAD, and p-DAD in toluene (Tol) and benzonitrile (BN). 
  τ1 (ns) / Rel. A (%) τ2 (ns) / Rel. A (%) τ3 (ns) / Rel. A (%) χ² 
  
DAM 
Tol 
26.01 - - 1.3 
100 
BN 
20.24 - - 1.2 
100 
o-DAD 
Tol 
1.71 11.09 136.43 1.0 
6.06 32.34 61.61 
BN 
1.02 10.17 24.75 1.2 
1.83 41.5 56.67 
m-DAD 
Tol 
21.83 471.95 - 1.1 
86.75 13.25 
BN 
16.78 108.91 - 1.0 
93.56 6.44 
p-DAD 
Tol 
15.92 27.61 513.22 1.1 
55.07 14.9 30.03 
BN 
2.94 15.52 179.89 1.0 
2.61 81.02 16.36 
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Transient absorption spectroscopy 
 
 
Figure 170. a) Differential fs-TA spectra (λex = 505 nm; 500 nJ) of DAM in toluene (Tol) with time 
delays between 0 and 5 500 ps. b) Respective time absorption profiles at the given 
wavelengths. c) Deconvoluted fs-TA spectra of the singlet excited (S1) (black) and the stabilised 
singlet excited state (S1)SOL (red) of DAM as obtained by target analysis in toluene (Tol). d) 
Respective population kinetics. Please note that the (T1) state was omitted in this figure, as it 
just begins to populate on this timescale and therefore cannot be completely deconvoluted. 
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Figure 171. a) Differential fs-TA spectra (λex = 505 nm; 500 nJ) of DAM in benzonitrile (BN) with 
time delays between 0 and 5 500 ps. b) Respective time absorption profiles at the given 
wavelengths. c) Deconvoluted fs-TA spectra of the singlet excited (S1) (black) and the stabilised 
singlet excited state (S1)SOL (red) of DAM as obtained by target analysis in benzonitrile (BN). d) 
Respective population kinetics. Please note that the (T1) state was omitted in this figure, as it 
just begins to populate on this timescale and therefore cannot be completely deconvoluted. 
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Figure 172. a) Differential ns-TA spectra (λex = 505 nm; 500 nJ) of DAM in toluene (Tol) with 
time delays between 0 and 350 μs. b) Respective time absorption profiles at the given 
wavelengths. c) Deconvoluted ns-TA spectra of the stabilised singlet excited (S1)SOL (black) and 
the triplet excited state (T1) (red) of DAM as obtained by target analysis in toluene (Tol). d) 
Respective population kinetics. 
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Figure 173. a) Differential ns-TA spectra (λex = 505 nm; 500 nJ) of DAM in benzonitrile (BN) 
with time delays between 0 and 350 μs. b) Respective time absorption profiles at the given 
wavelengths. c) Deconvoluted ns-TA spectra of the stabilised singlet excited (S1)SOL (black) and 
the triplet excited state (T1) (red) of DAM as obtained by target analysis in benzonitrile (BN). d) 
Respective population kinetics. 
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Figure 174. Kinetic model used to fit the transient absorption data for DAM. 
 
Table 19. Rate constans and efficiencies of DAM in toluene (Tol) and benzonitrile (BN). 
DAM k(S1) / s
-1 k(S1)SOL / s
-1 k(T1) / s
-1 
Tol 
k1 = 1.23 x 10
11 k2 = 0.45 x 10
7 k3 = 3.26 x 10
7 k4 = 2.78 x 10
4 
k1 = 100% k2 = 12% k3 = 88% k4 = 100% 
BN 
k1 = 1.05 x 10
11 k2 = 0.40 x 10
7 k3 = 4.60 x 10
7 k4 = 2.25 x 10
4 
k1 = 100% k2 = 8% k3 = 92% k4 = 100% 
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Figure 175. a) Differential fs-TA spectra (λex = 505 nm; 500 nJ) of m-DAD in toluene (Tol) with 
time delays between 0 and 5 500 ps. b) Respective time absorption profiles at the given 
wavelengths. c) Deconvoluted fs-TA spectra of the singlet excited (S1S0) (black) and the 
stabilised singlet excited state (S1S0)SOL (red) of m-DAD as obtained by target analysis in 
toluene (Tol). d) Respective population kinetics. Please note that the 
1
(T1T1) state was omitted 
in this figure, as it just begins to populate on this timescale and therefore cannot be completely 
deconvoluted. 
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Figure 176. a) Differential fs-TA spectra (λex = 505 nm; 500 nJ) of m-DAD in benzonitrile (BN) 
with time delays between 0 and 5 500 ps. b) Respective time absorption profiles at the given 
wavelengths. c) Deconvoluted fs-TA spectra of the singlet excited (S1S0) (black) and the 
stabilised singlet excited state (S1S0)SOL (red) of m-DAD as obtained by target analysis in 
benzonitrile (BN). d) Respective population kinetics. Please note that the 
1
(T1T1) state was 
omitted in this figure, as it just begins to populate on this timescale and therefore cannot be 
completely deconvoluted. 
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Figure 177. a) Differential ns-TA spectra (λex = 505 nm; 500 nJ) of m-DAD in toluene (Tol) with 
time delays between 0 and 350 μs. b) Respective time absorption profiles at the given 
wavelengths. c) Deconvoluted ns-TA spectra of the stabilised singlet excited (S1S0)SOL (black), 
the singlet correlated triplet state 
1
(T1T1) (red), and the uncorrelated triplet excited state (T1+T1) 
(blue) of m-DAD as obtained by target analysis in toluene (Tol). d) Respective population 
kinetics. 
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Figure 178. a) Differential ns-TA spectra (λex = 505 nm; 500 nJ) of m-DAD in benzonitrile (BN) 
with time delays between 0 and 350 μs. b) Respective time absorption profiles at the given 
wavelengths. c) Deconvoluted ns-TA spectra of the stabilised singlet excited (S1S0)SOL (black), 
the singlet correlated triplet state 
1
(T1T1) (red), and the uncorrelated triplet excited state (T1+T1) 
(blue) of m-DAD as obtained by target analysis in benzonitrileBN. d) Respective population 
kinetics. 
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Figure 179. Kinetic model used to fit the transient absorption data for m-DAD. 
 
Table 20. Rate constans and efficiencies of m-DAD in toluene (Tol) and benzonitrile (BN). 
m-DAD k(S1S0) / s
-1 k(S1S0)SOL / s
-1 k1(T1T1) / s
-1 k(T1+T1) / s
-1 
Tol 
k1 = 8.05 x 
1010 
k2 = 1.52 x 
107 
k3 = 2.83 x 
107 
k4 = 0.34 x 
106 
k5 = 0.86 x 
106 
k6 = 0.05 x 
106 
k7 = 4.22 x 10
4 
k1 = 100% k2 = 35% k3 = 65% k4 = 27% k5 = 69% k6 = 4% k7 = 100% 
BN 
k1 = 9.60 x 
1011 
k2 = 0.91 x 
107 
k3 = 5.14 x 
107 
k4 = 2.57 x 
106 
k5 = 1.45 x 
106 
k6 = 4.02 x 
106 
k7 = 4.13 x 10
4 
k1 = 100% k2 = 15% k3 = 85% k4 = 32% k5 = 18% k6 = 50% k7 = 100% 
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Figure 180. a) Differential fs-TA spectra (λex = 505 nm; 500 nJ) of o-DAD in Tol with time delays 
between 0 and 5 500 ps. b) Respective time absorption profiles at the given wavelengths. c) 
Deconvoluted fs-TA spectra of the singlet excited (S1S0) (black) and the stabilised singlet 
excited state (S1S0)SOL (red) of o-DAD as obtained by target analysis in Tol. d) Respective 
population kinetics. Please note that the (S1S0)CT state was omitted in this figure, as it just 
begins to populate on this timescale and therefore cannot be completely deconvoluted. 
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Figure 181. a) Differential fs-TA spectra (λex = 505 nm; 500 nJ) of o-DAD in benzonitrile (BN) 
with time delays between 0 and 5 500 ps. b) Respective time absorption profiles at the given 
wavelengths. c) Deconvoluted fs-TA spectra of the singlet excited (S1S0) (black) and the 
stabilised singlet excited state (S1S0)SOL (red) of o-DAD as obtained by target analysis in 
benzonitrile (BN). d) Respective population kinetics. Please note that the (S1S0)CT state was 
omitted in this figure, as it just begins to populate on this timescale and therefore cannot be 
completely deconvoluted. 
Annex III 
 
229 
 
 
Figure 182. a) Differential ns-TA spectra (λex = 505 nm; 500 nJ) of o-DAD in toluene (Tol) with 
time delays between 0 and 350 μs. b) Respective time absorption profiles at the given 
wavelengths. c) Deconvoluted ns-TA spectra of the stabilised singlet excited (S1S0)SOL (black), 
the intermediate CT-state (S1S0)CT (red), the singlet correlated triplet state 
1
(T1T1) (blue), and 
the uncorrelated triplet excited state (T1+T1) (green) of o-DAD as obtained by target analysis in 
toluene (Tol). d) Respective population kinetics.  
 
Annex III 
 
230 
 
 
Figure 183. a) Differential ns-TA spectra (λex = 505 nm; 500 nJ) of o-DAD in benzonitrile (BN) 
with time delays between 0 and 350 μs. b) Respective time absorption profiles at the given 
wavelengths. c) Deconvoluted ns-TA spectra of the stabilised singlet excited (S1S0)SOL (black), 
the intermediate CT-state (S1S0)CT (red), the singlet correlated triplet state 
1
(T1T1) (blue), and 
the uncorrelated triplet excited state (T1+T1) (green) of o-DAD as obtained by target analysis in 
benzonitrile (BN). d) Respective population kinetics. 
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Figure 184.Kinetic model used to fit the transient absorption data for o-DAD and p-DAD. 
Table 21. Rate constans and efficiencies of o-DAD in toluene (Tol) and benzonitrile (BN). 
o-DAD k(S1S0) / s
-1 k(S1S0)SOL / s
-1 k(S1S0)CT / s
-1 k1(T1T1) / s
-1 
k(T1+T1) / 
s-1 
Tol 
k1 = 1.28 x 
1011 
k2 = 
0.64 x 
108 
k3 = 
0.51 x 
108 
k4 = 
0.13 x 
108 
k5 = 2.17 
x 107 
k6 = 2.65 
x 107 
k7 = 
2.12 x 
106 
k8 = 
4.73 x 
106 
k9 = 
0.21 x 
106 
k10 = 3.27 x 
104 
k1 = 100% 
k2 = 
50% 
k3 = 
40% 
k4 = 
10% 
k5 = 45% k6 = 55% 
k7 = 
30% 
k8 = 
69% 
k9 = 3% k10 = 100% 
BN 
k1 = 1.04 x 
1010 
k2 = 
5.14 x 
108 
k3 = 
1.84 x 
108 
k4 = 
0.37 x 
108 
k5 = 0.91 
x 107 
k6 = 0.91 
x 107 
k7 = 
0.81 x 
107 
k8 = 
0.60 x 
107 
k9 = 
1.58 x 
107 
k10 = 3.80 x 
104 
k1 = 100% k2 = 70% 
k3 = 
25% 
k4 = 
5% 
k5 = 30% k6 = 70% 
k7 = 
27% 
k8 = 
20% 
k9 = 
53% 
k10 = 100% 
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Figure 185. a) Differential fs-TA spectra (λex = 505 nm; 500 nJ) of p-DAD in toluene (Tol) with 
time delays between 0 and 5 500 ps. b) Respective time absorption profiles at the given 
wavelengths. c) Deconvoluted fs-TA spectra of the singlet excited (S1S0) (black) and the 
stabilised singlet excited state (S1S0)SOL (red) of p-DAD as obtained by target analysis in 
toluene (Tol). d) Respective population kinetics. Please note that the (S1S0)CT state was omitted 
in this figure, as it just begins to populate on this timescale and therefore cannot be completely 
deconvoluted. 
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Figure 186. a) Differential fs-TA spectra (λex = 505 nm; 500 nJ) of p-DAD in benzonitrile (BN) 
with time delays between 0 and 5 500 ps. b) Respective time absorption profiles at the given 
wavelengths. c) Deconvoluted fs-TA spectra of the singlet excited (S1S0) (black) and the 
stabilised singlet excited state (S1S0)SOL (red) of p-DAD as obtained by target analysis in 
benzonitrile (BN). d) Respective population kinetics. Please note that the (S1S0)CT state was 
omitted in this figure, as it just begins to populate on this timescale and therefore cannot be 
completely deconvoluted. 
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Figure 187. a) Differential ns-TA spectra (λex = 505 nm; 500 nJ) of p-DAD in toluene (Tol) with 
time delays between 0 and 350 μs. b) Respective time absorption profiles at the given 
wavelengths. c) Deconvoluted ns-TA spectra of the stabilised singlet excited (S1S0)SOL (black), 
the intermediate CT-state (S1S0)CT (red), the singlet correlated triplet state 
1
(T1T1) (blue), and 
the uncorrelated triplet excited state (T1+T1) (green) of p-DAD as obtained by target analysis in 
toluene (Tol). d) Respective population kinetics. 
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Figure 188. a) Differential ns-TA spectra (λex = 505 nm; 500 nJ) of p-DAD in benzonitrile (BN) 
with time delays between 0 and 350 μs. b) Respective time absorption profiles at the given 
wavelengths. c) Deconvoluted ns-TA spectra of the stabilised singlet excited (S1S0)SOL (black), 
the intermediate CT-state (S1S0)CT (red), the singlet correlated triplet state 
1
(T1T1) (blue), and 
the uncorrelated triplet excited state (T1+T1) (green) of p-DAD as obtained by target analysis in 
benzonitrile (BN). d) Respective population kinetics. 
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Table 22. Rate constans and efficiencies of p-DAD in toluene (Tol) and benzonitrile (BN). 
p-DAD k(S1S0) / s
-1 k(S1S0)SOL / s
-1 k(S1S0)CT / s
-1 k1(T1T1) / s
-1 
k(T1+T1) / 
s-1 
Tol 
k1 = 7.80 x 
1010 
k2 = 
4.27 x 
107 
k3 = 
1.90 x 
107 
k4 = 
3.32 x 
107 
k5 = 1.95 
x 107 
k6 = 2.29 
x 107 
k7 = 
0.16 x 
106 
k8 = 
1.44 x 
106 
k9 = 
0.02 x 
106 
k10 = 3.45 x 
104 
k1 = 100% 
k2 = 
45% 
k3 = 
20% 
k4 = 
35% 
k5 = 46% k6 = 54% 
k7 = 
10% 
k8 = 
89% 
k9 = 1% k10 = 100% 
BN 
k1 = 9.83 x 
1010 
k2 = 
3.68 x 
108 
k3 = 
0.49 x 
108 
k4 = 
0.73 x 
108 
k5 = 0.61 
x 107 
k6 = 5.51 
x 107 
k7 = 
0.47 x 
106 
k8 = 
0.24 x 
106 
k9 = 
4.02 x 
106 
k10 = 3.46 x 
104 
k1 = 100% 
k2 = 
75% 
k3 = 
10% 
k4 = 
15% 
k5 = 10% k6 = 90% 
k7 = 
10% 
k8 = 5% 
k9 = 
85% 
k10 = 100% 
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Triplet excited state features 
 
 
Figure 189. Triplet-triplet sensitization experiments of DAM (1 x 10
-4
 M) using a) N-
methylfulleropyrrolidine(N-MFP) (8 x 10
-5
 M) as a sensitizer at 430 nm excitation (300 nJ) in 
argon saturated toluene at room temperature. b) Normalised time profiles of the DAM triplet 
excited state feature (526 nm; black) and the N-MFP triplet excited state feature (700 nm; red), 
illustrating the sensitization process and c) Triplet excited state spectra of DAM after direct 
excitation at 505 nm (500 nJ; black) and after sensitization with N-MFP (red). 
 
 
Figure 190. Triplet-triplet sensitization experiments of o-DAD (1 x 10
-4
 M) using N-MFP (8 x 10
-5
 
M) as a sensitizer at 430 nm excitation (300 nJ) in argon saturated toluene at room 
temperature. a) Normalised time profiles of the o-DAD triplet excited state feature (526 nm; 
black) and the N-MFP triplet excited state feature (700 nm; red), illustrating the sensitization 
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process and b) Triplet excited state spectra of o-DAD after direct excitation at 505 nm (500 nJ; 
black) and after sensitization with N-MFP (red).  
 
Figure 191. Triplet-triplet sensitization experiments of m-DAD (1 x 10
-4
 M) using N-MFP (8 x 10
-
5
 M) as a sensitizer at 430 nm excitation (300 nJ) in argon saturated toluene at room 
temperature. a) Normalised time profiles of the m-DAD triplet excited state feature (526 nm; 
black) and the N-MFP triplet excited state feature (700 nm; red), illustrating the sensitization 
process and b) Triplet excited state spectra of m-DAD after direct excitation at 505 nm (500 nJ; 
black) and after sensitization with N-MFP (red).  
 
 
Figure 192. Triplet-triplet sensitization experiments of p-DAD (1 x 10
-4
 M) using N-MFP (8 x 10
-5
 
M) as a sensitizer at 430 nm excitation (300 nJ) in argon saturated toluene at room 
temperature. a) Normalised time profiles of the p-DAD triplet excited state feature (526 nm; 
black) and the N-MFP triplet excited state feature (700 nm; red), illustrating the sensitization 
process and b) Triplet excited state spectra of p-DAD after direct excitation at 505 nm (500 nJ; 
black) and after sensitization with N-MFP (red).  
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